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Different transport routes for high density lipoprotein and
its associated free sterol in polarized hepatic cells®

Daniel Wiistner,! Mousumi Mondal, Amy Huang, and Frederick R. Maxfield?
Department of Biochemistry, Weill Medical College of Cornell University, New York, NY 10021

Abstract We analyzed the intracellular transport of HDL
and its associated free sterol in polarized human hepatoma
HepG2 cells. Using pulse-chase protocols, we demonstrated
that HDL labeled with Alexa 488 at the apolipoprotein (Al-
exa 488-HDL) was internalized by a scavenger receptor
class B type I (SR-BI)-dependent process at the basolateral
membrane and became enriched in a subapical/apical recy-
cling compartment. Most Alexa 488-HDL was rapidly recy-
cled to the basolateral cell surface and released from cells.
Within 30 min of chase at 37°C, ~3% of the initial cell-asso-
ciated Alexa 488-HDL accumulated in the biliary canalicu-
lus (BC) formed at the apical pole of polarized HepG2
cells. Even less Alexa 488-HDL was transported to late en-
dosomes or lysosomes. The fluorescent cholesterol analog
dehydroergosterol (DHE) incorporated into Alexa 488-
HDL was delivered to the BC within a few minutes, inde-
pendent of the labeled apolipoprotein. This transport did
not require metabolic energy and could be blocked by anti-
bodies against SR-BI. The fraction of cell-associated DHE
transported to the BC was comparable when cells were incu-
bated with either Alexa 488-HDL containing DHE or with
DHE bound to methyl--cyclodextrin.fili We conclude that
rapid, nonvesicular transport of sterol to the BC and effi-
cient recycling of HDL particles underlies the selective sort-
ing of sterol from HDLs in hepatocytes.—Wiistner, D., M.
Mondal, A. Huang, and F. R. Maxfield. Different transport
routes for high density lipoprotein and its associated free
sterol in polarized hepatic cells. J. Lipid Res. 2004. 45: 427—
437.
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During reverse cholesterol transport, HDLs deliver free
cholesterol and cholesteryl ester from peripheral tissues
to the liver (1). This sterol can be used for the synthesis of
bile salts, incorporated into VLDLs for secretion, or re-
leased into the bile at the apical (canalicular) membrane
of hepatocytes. Biliary secretion of cholesterol and bile
salts is the only pathway of sterol clearance from the body
(1). However, the mechanisms underlying the continuous
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transport of lipids and proteins into the biliary canaliculus
(BC) remain to be fully determined. Several lines of evi-
dence suggest that the intracellular fate of esterified cho-
lesterol is different from that of free cholesterol derived
from HDL. Using various lipoproteins labeled with plant
sterols, Robins and Fasulo (2) demonstrated that HDL,
but no other lipoproteins, provide a vehicle for sterol
transport to bile. By perfusion of rat livers with HDL con-
taining the plant sterol sitostanol, it was shown that sitos-
tanol was secreted into the bile within 2-4 min after add-
ing the lipoprotein to the perfusate (3). It was concluded
that the unesterified sterol was delivered by a plasma
membrane pathway independent of the uptake of HDL.
Release of cholesterol from the canalicular membrane
into the bile is probably mediated by the ATP binding cas-
sette (ABC) half-transporters ABCGb and ABCGS8 (4, 5).
There have been several studies of the uptake and intra-
cellular transport of HDL in hepatocytic cells. Several
studies have characterized a retroendocytic pathway for
HDL in hepatocytes and hepatoma HepG2 cells by which
internalized HDL has been proposed to recycle rapidly to-
ward the basolateral membrane surface (6-8). By this pro-
cess, HDL-associated lipids can be delivered to the hepato-
cyte (8). HDL was found to colocalize with the recycling
marker transferrin (Tf) in an endocytic recycling com-
partment (ERC) in primary hepatocytes after perfusion
with labeled HDL (9). This enrichment in an ERC was re-
duced in ob/ob hepatocytes, which also had defects in up-
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take of HDL and lipids associated with the particle. It was
concluded that HDL recycling through the ERC might
play an important role in the determination of plasma
HDL protein and cholesterol levels.

Using the naturally fluorescent cholesterol analog de-
hydroergosterol (DHE), we studied sterol transport in po-
larized human hepatoma HepG2 cells. Those cells form
an apical vacuole closely resembling the BC of hepato-
cytes (10). By selectively incorporating DHE into the
plasma membrane of HepG2 cells using DHE bound to
methyl-B-cyclodextrin (DHE/MBCD), we demonstrated
that this sterol becomes enriched in a subapical compart-
ment/apical recycling compartment (SAC/ARC) but did
not accumulate in the trans-Golgi network (11). In con-
trast to fluorescent phosphatidylcholine (PC), which tra-
versed HepG2 cells in vesicles in both directions via the
SAC/ARC, once DHE became associated with SAC/ARC
membranes it did not redistribute to a great extent to ei-
ther plasma membrane domain (11, 12). For DHE and
fluorescent PC, we demonstrated that a rapid, nonvesicu-
lar, and largely ATP-independent transport pathway deliv-
ers these lipids to the canalicular membrane of HepG2
cells. This pathway might be controlled, in part, by the
rate of transbilayer migration of those lipids across the
plasma membrane of the cells.

To further understand the fate of HDL and its associ-
ated sterol in hepatic cells requires an analysis of the intra-
cellular trafficking of HDL and of sterol incorporated into
HDL particles. Using quantitative fluorescence micros-
copy and image analysis, we show in this paper that HDL
is internalized into the same vesicles as Tf and is trans-
ported to a SAC/ARC in polarized HepG2 cells. Whereas
more than 50% of Alexa 488-labeled HDL (Alexa 488-
HDL) recycles to the basolateral membrane, some Alexa
488-HDL accumulated in the BC with a time course sug-
gestive of transit through the SAC/ARC. Enrichment of
DHE derived from HDL into the BC preceded the arrival
of the fluorescently labeled apolipoprotein. ATP depletion
completely blocked the uptake of fluorescent apolipopro-
tein particles by HepG2 cells but not the uptake and trans-
port of HDL-derived DHE to the BC. These results suggest
that nonvesicular transport delivers DHE selectively to the
canalicular membrane. Uptake of Alexa 488-HDL as well
as nonvesicular shuttling of DHE to the canalicular mem-
brane could be partly blocked by antibodies against scav-
enger receptor class B type I (SR-BI). The relevance of
these results for the mechanisms underlying reverse cho-
lesterol transport and biliary lipid secretion are discussed.

EXPERIMENTAL PROCEDURES

Reagents

Succinimidyl esters of Alexa 488, Alexa 546, and Alexa 633
were purchased from Molecular Probes, Inc. (Eugene, OR). Me-
dium 1 contained 150 mM NaCl, 5 mM KCI, 1 mM CaCly, 1 mM
MgCly, 5 mM glucose, and 20 mM HEPES (pH 7.4). Medium 2
was identical to medium 1 except that it contained no glucose
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but 5 mM sodium azide and 50 mM 2-deoxyglucose for energy
depletion of cells (see below). Release medium is medium 1 sup-
plemented with 25.5 mM citric acid, 24.5 mM sodium citrate,
and 100 mM deferoxamine mesylate, adjusted to pH 5.2, and
containing 280 mM sucrose instead of glucose (see above).
Rhodamine-labeled dextran (70 kDa) was dissolved in PBS and
repeatedly dialyzed before use to remove unconjugated dye.
FCS and DMEM were from GIBCO BRL (Life Technologies,
Paisley, UK). All other chemicals were from Sigma Chemical Co.
(St. Louis, MO). Tf was iron loaded as previously described (13).
Succinimidyl esters of Alexa 546 were then conjugated to the
iron-loaded Tf according to the manufacturer’s instructions. Hu-
man apolipoprotein A-I (apoA-I) was obtained from Biodesign
(Saco, ME). Human HDLg was kindly provided by Drs. David Sil-
ver and Ira Tabas (Columbia University, New York, NY). It was la-
beled with Alexa 488 according to the manufacturer’s instruc-
tions. Alexa 488-labeled HDL (Alexa 488-HDL) was purified by
gel filtration on a Sephadex B column and dialyzed three times
against PBS at 4°C overnight. Antibodies to SR-BI (14) were pro-
vided by Drs. David Silver and Alan Tall (Columbia University).
Asialo-orosomucoid (ASOR) was provided by Drs. Allan Wolkoff
and Richard Stockert (Albert Einstein College of Medicine, New
York, NY) and was labeled with the succinimidyl ester of Alexa
633 according to the manufacturer’s instructions.

Cell culture

HepG2 cells were grown in DMEM with 4.5 g/1 glucose sup-
plemented with 10% heat-inactivated FCS and antibiotics. Cells
were routinely passaged in plastic tissue culture dishes. For ex-
periments, cells were plated onto glass coverslips coated with
poly-p-lysine and used after reaching the highest degree of polar-
ization as described previously (12).

Preparation of lipid solutions and of Alexa 488-HDL
labeled with DHE

DHE/cyclodextrin complexes. A stock solution of DHE (5 mM)
was made in ethanol and stored under argon. For labeling of
cells with DHE, the analog was loaded on MBCD as described
previously (11, 15). The final MBCD-DHE ratio was 1:8 (mol/
mol) (16).

DHE-labeled Alexa 488-HDL. Alexa 488-HDL was labeled with
DHE by incubating the lipoprotein with DHE/MBCD at 37°C.
The transfer kinetics and efficiency of DHE were measured on-
line at Aex = 326 nm and Aem = 370 nm on a Spex Fluorolog
spectrofluorometer (Spex Industries, Inc., Edison, NJ). This is
based on an increase of the fluorescence monomer peak of DHE
upon addition of HDL to the DHE/MBCD solution attributable
to the incorporation of DHE as monomers into the phospholipid
monolayer of the lipoprotein particle. DHE-labeled Alexa 488-
HDL (DHE/Alexa 488-HDL) was purified by gel filtration on a
Sephadex B column. Fractions with the highest ratios of Alexa
488 to DHE fluorescence measured at Aex = 480 and 326 nm, re-
spectively, were collected and dialyzed against medium 1 at 4°C
overnight. The degree of purification was tested by recording
DHE excitation and emission spectra in purified DHE/Alexa
488-HDL solutions, which were then compared with DHE mem-
brane spectra in liposomes. Excitation and emission spectra of
purified DHE/Alexa 488-HDL showed all of the characteristics
of membrane spectra of DHE, and no remaining peak of the
blue-shifted emission maxima for DHE bound to MBCD could
be detected (data not shown) (11, 17). Thus, complete removal
of MBCD from the labeled lipoprotein was concluded. Fluores-
cence properties of DHE incorporated into Alexa 488-HDL were
not altered by the presence of the Alexa 488 fluorophore.
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Uptake and transport of Alexa 488-HDL in polarized and
nonpolarized HepG2 cells

Colocalization with Alexa 546-Tf. Cells were colabeled with 2
ng/ml Alexa 488-HDL and with 10 pwg/ml Alexa 546-Tf for 1 or
10 min at 37°C, washed, and chased at 37°C in medium 1 for the
indicated time periods (see Fig. 3). These experiments were per-
formed in control and in ATP-depleted cells (see below) with
medium 2 being the chase medium for ATP-depleted cells.

Colocalization with rhodamine-dextran and Alexa 633-labeled ASOR. To
load the lysosomal pathway, cells were labeled with 2.5 mg/ml
rhodamine-dextran for 1 h at 37°C. They were washed and pulse-
labeled with 2 wg/ml Alexa 488-HDL for either 1 or 10 min at
37°C. In some experiments, cells were also incubated with Alexa
633-labeled ASOR (Alexa 633-ASOR) to label endosomes and ly-
sosomes. After incubations, cells were washed and imaged on a
wide-field microscope as described below.

Competition experiments and energy depletion. To test saturable up-
take of HDL, HepG2 cells were labeled with 2 pug/ml Alexa 488-
HDL in the presence of a 40-fold excess of unlabeled HDL for
2 min at 37°C (see Fig. 1). Those cells were washed and imaged,
and the fluorescence intensity of Alexa 488-HDL in the cells was
quantified as described below. To determine if uptake was medi-
ated by SR-BI, cells were incubated with an SR-BI antibody for 10
min before the addition of labeled HDL. Alternatively, cells were
incubated in the presence of excess (40 wg/ml) unlabeled, lipid-
free apoA-I. For energy depletion, cells were incubated for 30
min at 37°C in medium 2 containing 5 mM sodium azide and 50
mM 2-deoxyglucose. In those experiments designed to deter-
mine the energy dependence of transport processes, all further
incubation steps except labeling with DHE/MBCD or DHE/AI-
exa 488-HDL and rhodamine-dextran were performed in me-
dium 2. Uptake of Alexa 546-Tf was tested as previously described
after a mild acid wash with release medium to remove surface-
bound Alexa 546-Tf (11). Additionally, ATP-depleted cells were
double labeled with Alexa 546-Tf and Alexa 488-HDL, washed
with medium 2, and fixed with paraformaldehyde (PFA). Those
cells were imaged by acquiring stacks in the green and red chan-
nel to visualize any intracellular fluorescence of the probes as de-
scribed below.

Intracellular transport of DHE derived from Alexa 488-HDL or from
DHE/MBCD. Cells were labeled with 2.5 mg/ml rhodamine-dex-
tran for 1 h, washed, and labeled for 1 min at 37°C with either
DHE/Alexa 488-HDL or DHE/MBCD. Those cells were washed
and immediately imaged on a wide-field microscope. This exper-
iment was performed in control and ATP-depleted cells (see
above). Alternatively, cells were chased for various times at 37°C
before imaging (see Results). In some experiments, cells were
preincubated with antibodies against SR-BI for 5 min at 37°C and
labeled with DHE/Alexa 488-HDL for 10 min at 37°C in the pres-
ence of the SR-BI antibody.

Fluorescence microscopy and image analysis. Wide-field fluores-
cence microscopy and digital image acquisition were routinely
carried out using a Leica DMIRB microscope with a 63X, 1.4 nu-
merical aperture oil-immersion objective (Leica Lasertechnik
GmbH, Wetzlar, Germany) equipped with a Princeton Instru-
ments cooled charge-coupled device camera driven by Image-1/
MetaMorph Imaging System software (Universal Imaging Inc.).
Rhodamine-dextran and Alexa 546-Tf were imaged using a stan-
dard rhodamine filter set [535 nm (50 nm band-pass) excitation
filter, 565 nm long-pass dichromatic filter, and 610 nm (75 nm
band-pass) emission filter], and Alexa 488-HDL was imaged us-
ing a standard fluorescein filter set [470 nm (20 nm band-pass)
excitation filter, 510 nm long-pass dichromatic filter, and 537 nm
(23-nm band-pass) emission filter]. DHE was imaged using a spe-
cially designed filter cube obtained from Chroma Technology

Corp. (Brattleboro, VT) with 335 nm (20 nm band-pass) excita-
tion filter, 365 nm long-pass dichromatic filter, and 405 nm (40 nm
band-pass) emission filter as described previously (18). Alexa 633
was imaged with a 640 nm (20 nm band-pass) exciter, a 660 nm
dichromatic filter, and a 680 nm (30 nm band-pass) emission fil-
ter set. All other components of the microscope were adapted
for ultraviolet imaging as described previously (15). Image analy-
sis was carried out using Image-1/MetaMorph Imaging System
software. Determination and subtraction of crossover of fluores-
cence between the channels was performed as described (19, 20).

Quantitative assessment of trafficking of Alexa 488-HDL and DHE.
To assess the competitive uptake of labeled HDL, images were
corrected for off-cell background intensity. The total fluores-
cence power above a threshold intensity per pixel was deter-
mined for the entire image. This fluorescence power was then
normalized by dividing by the number of cells in the field. In po-
larized HepG2 cells stained with Alexa 488-HDL and colabeled
with rhodamine-dextran or Alexa 546-Tf, fluorescence in the
SAC/ARC and BC was quantified by defining regions of interest
(ROIs) for these compartments based on the fluorescence of
rhodamine-dextran (for the BC) or of Alexa 546-Tf (for the
SAC/ARC). To quantify the fluorescence of DHE derived from
DHE/MBCD in the SAC/ARC, this compartment was identified
by defining a subapical region in the cells containing more than
80% of DHE fluorescence above cellular background levels from
the last image of a time series (see Results). This region was next
used as a mask for the quantification of DHE fluorescence in the
SAC/ARC for all time points. To assess the effect of antibodies
against SR-BI on the uptake of DHE, cells preincubated with the
antibody were labeled for 10 min at 37°C in the presence of
DHE/Alexa 488-HDL and SR-BI antibody. Fluorescence of DHE
was measured as average intensity per pixel for all cells outlined
from the corresponding differential interference contrast image.
Intensities corrected for background fluorescence were averaged
from six fields for each condition.

Fluorescence intensity in all ROIs was measured after back-
ground subtraction and normalized to total cell-associated fluo-
rescence of Alexa 488-HDL or DHE in the two cells forming a
BC. The ratio R(t) of the integrated fluorescence intensity of
ROI [Ize(t)] and of whole cells [I..;(t)] was then calculated and
plotted as function of time (see Fig. 4):

Tror()
Icell(t)

Similarly, the fluorescence of DHE derived from Alexa 488-
HDL or from cyclodextrin was quantified for the BC based on
the fluorescence of rhodamine-dextran and for cells forming a
BC (11).

To determine the fraction of Alexa 488-HDL transported
along the lysosomal pathway, late endosomes and lysosomes were
identified by the fluorescence of rhodamine-dextran. To this
end, a mask was generated for the rhodamine image by applying
a threshold that accounts for 20% of the brightest fluorescence
of rhodamine-dextran in the BC to the whole field (21, 22). This
procedure ensured that a large and constant fraction of all
rhodamine-labeled endosomes was included despite slight differ-
ences in the uptake of rhodamine-dextran by the cells. This mask
was applied to the background-corrected image of Alexa 488-
HDL. Fluorescence of Alexa 488-HDL in rhodamine-dextran-
containing endosomes but not that in the BC was measured and
normalized to total cell-associated fluorescence of Alexa 488-
HDL according to equation 1. All measured fluorescence inten-
sities were exported to an Excel spreadsheet (Microsoft, Inc.).
For quantification of Alexa 488-HDL in the various compart-
ments as well as for measuring DHE in the BC, the data for four

R(t) = (Eq. 1)

Wiistner et al. HDL and sterol transport in hepatocytes 429

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

ml

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2004/02/26/45.3.427.DC1.ht

to six fields with two to three cells forming a BC in each field
were averaged, analyzed, and plotted using Sigma Plot 4.0 (SPSS,
Inc., Chicago, IL).

To determine the intracellular fluorescence of either Alexa
488-HDL or Alexa 546-Tf, ATP-depleted HepG2 cells (see above)
were double labeled with both probes, chased for 30 min in me-
dium 2, and imaged. Using a z-stepper, images were acquired every
0.5 wm through the entire cell in both channels. A sum projection
was obtained using MetaMorph software, and intracellular versus
plasma membrane fluorescence was compared for both probes.

RESULTS

Analysis of transport of Alexa 488-HDL

We have studied the intracellular transport routes of
fluorescently labeled HDL in polarized HepG2 cells. First,
we performed competition experiments for the uptake of
Alexa 488-HDL by polarized HepG2 cells. As shown in Fig.
1, the cellular fluorescence of Alexa 488-HDL could be re-
duced by ~80% when cells were incubated with a 40-fold
excess of unlabeled HDL. Previous studies have shown
that the basolateral uptake of HDL is mediated by SR-BI
and can be blocked by anti-receptor antibodies (14). Anti-
SR-BI antibodies also block the cellular uptake of Alexa
488-HDL by HepG2, indicating that internalization of the
fluorescent lipoprotein is mediated mainly by SR-BI (14,
23). In line with this conclusion, we found inhibition of
uptake also by excess apoA-I, which has been reported to
bind to SR-BI, although with lower affinity than lipidated
apoA-I or HDL (24).

To visualize the BC and the endosomal membrane sys-
tem, HepG2 cells were labeled with rhodamine-dextran
for 1 h at 37°C (Fig. 2). This long pulse with the fluid-
phase marker ensured labeling of the lysosomal endocytic
pathway and the BC (11, 25). Those cells were then la-
beled for 1 min (Fig. 2, A-F) or for 10 min (Fig. 2, G-O)
with Alexa 488-HDL and chased for different times. Im-
mediately after the short labeling pulse of 1 min, Alexa
488-HDL stained almost exclusively the basolateral mem-
brane (Fig. 2, A-C). Some endocytic vesicles were found
that showed no overlap with late endosomes and lyso-
somes labeled with rhodamine-dextran. At the position of
the BC between two neighboring cells (indicated by 1 and
2), there is a gap in the fluorescence of Alexa 488-HDL
(Fig. 2, A-C, arrows). This indicates that fluorescent HDL
binds to the basolateral and contiguous membrane do-
mains but has no direct access to the BC. After a 1 min
pulse and a 10 min chase, Alexa 488-HDL became enriched
in the subapical region of polarized HepG2 cells, whereas
Alexa 488-HDL did not accumulate in the BC labeled with
rhodamine-dextran (arrows) (Fig. 2, D-F).

In cells labeled for 10 min at 37°C, Alexa 488-HDL did
not become enriched in the BC (arrows) but started to ac-
cumulate in a SAC in polarized HepG2 cells (Fig. 2, G-I).
In nonpolarized HepG2 cells, which lack the characteris-
tic BC, Alexa 488-HDL accumulated in the perinuclear
area, and rhodamine-labeled endosomes (thin arrowheads)
often surrounded a central perinuclear spot labeled with
Alexa 488-HDL (thick arrowheads) (Fig. 2, J-L). When
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Fig. 1. Uptake of Alexa 488-labeled HDL (Alexa 488-HDL) by
HepG2 cells can be blocked by nonlabeled HDL, apolipoprotein
A-I (apoA-]), and antibodies against scavenger receptor class B type I
(SR-BI). Cells were labeled for 2 min at 37°C with 2 pg/ml Alexa
488-HDL either in the absence (A) or presence (B) of 80 pg/ml
nonlabeled HDL (40-fold excess). Cells were washed and immedi-
ately imaged on a wide-field microscope. Alternatively, cells were
preincubated with an antibody against SR-BI for 5 min at 37°C be-
fore labeling with Alexa 488-HDL (C) or were labeled for 2 min at
37°C with 2 pg/ml Alexa 488-HDL in the presence of 40 pg/ml
lipid-free apoA-I (D). E: Cell-associated fluorescence for control
and treated cells was quantified after background subtraction and
normalized to number of cells as described in Experimental Proce-
dures. For comparison, the autofluorescence (autofl.) of cells in
the green channel of the microscope was quantified. Data repre-
sent the mean of at least two experiments carried out in duplicate.
Bar = 20 pm.

cells were chased for prolonged times, some Alexa 488-
HDL was found in the BC (arrows) in polarized HepG2
cells (Fig. 2, M-O). Moreover, after 30 min and 60 min
chases, endosomes containing Alexa 488-HDL as well as
rhodamine-dextran were found near the BC (Fig. 2, M-O,
thin arrowheads). The cell-associated fluorescence of Al-
exa 488-HDL was greatly reduced at these time points
compared with the initial labeling intensity (see below).
These results suggest that most initially bound Alexa 488-
HDL was released from the cells at the basolateral mem-
brane but that some Alexa 488-HDL was transported to
the BC and to late endosomes and lysosomes after pro-
longed chase periods at 37°C.
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Fig. 2. Pulse-chase experiments reveal intracellular transport
modes of Alexa 488-HDL. A-O: HepG2 cells were labeled with
rhodamine-dextran (B, E, H, K, and N) for 1 h at 37°C. Cells were
washed and labeled for either 1 min (A-F) or 10 min (G-O) with 2
wg/ml Alexa 488-HDL (A, C, D, G, J, and M), washed, and chased
for 0 min (A-C), 10 min (D-L), or 60 min (M-O) at 37°C. Alexa
488-HDL initially labeled exclusively the basolateral membrane (A
and C) and became internalized in endosomes (punctate fluores-
cence; A and D). It accumulated in a compartment underneath the
biliary canaliculus (BC) (arrows) in polarized cells (D-I) and in a
perinuclear compartment (thick arrowheads) in nonpolarized
HepG2 cells (J-L). Alexa 488-HDL did not label the BC, which was
identified by the fluorescence of rhodamine-dextran (B, E, and H)
after 0 min and only very lightly after a 10 min chase. Absence of la-
beling after no chase was verified from the enlarged region of A
showing a gap in fluorescence for Alexa 488-HDL at the position of
the BC (C). Alexa 488-HDL did not colocalize with late endosomes
or lysosomes containing rhodamine-dextran (thin arrowheads)
(J-L). In contrast, after a 60 min chase, some Alexa 488-HDL accu-
mulated in the BC as well as in late endosomes and lysosomes un-

To verify that the large rhodamine-dextran-labeled
structures between adjacent cells were BC and not endo-
somes, we also labeled cells with Alexa 633-ASOR, which
enters HepG2 cells by receptor-mediated endocytosis (26,
27). The kinetics of transport and intracellular itineraries
of ASOR have been measured previously in polarized or
nonpolarized HepG2 cells (12, 26). Here, we show that Al-
exa 633-ASOR enters endosomes in cells chased for 25
min with the probe, but the large intercellular structure
labeled with rhodamine-dextran does not contain fluores-
cent ASOR (Fig. 2, P-S, arrows). This confirms our previ-
ous observations that these intercellular structures behave
in many ways like BC (11, 12).

In those cells labeled and chased for 10 min each at
37°C with Alexa 488-HDL, the probe did not colocalize
with Alexa 633-ASOR either in the basolateral or in the
subapical region (Fig. 2, P-S). We did not find a strong
overlap between Alexa 633-ASOR and rhodamine-dextran
either. However, in an independent experiment in which
cells were labeled with both lysosomal markers for 1 h at
37°C, we found an almost perfect overlap of Alexa 633-
ASOR and rhodamine-dextran in endosomes but not in
the BC (only rhodamine-dextran), allowing for clear
distinguishing of both compartments (data not shown).
Previous experiments in HepG2 cells incubated with
125]_labeled HDL have shown that ~45% of bound HDL
gets internalized within 15 min of incubation (28). Only
~27% of the internalized HDL was found to be soluble in
trichloroacetic acid after a 30 min chase at 37°C (8). Thus,
less than 15% of the initial cell-associated HDL is de-
graded in hepatic cells, which is in agreement with other
work (28). This ensures that in our studies, most Alexa
488 fluorophore is on an intact protein. However, we can-
not rule out that some of the fluorescence seen at later
times is no longer associated with intact protein.

Alexa 488-HDL colocalizes with Tf along the endocytic
pathway and accumulates in a SAC/ARC

We wanted to identify the compartments that fluores-
cent HDL is transported through in polarized HepG2
cells. Cells were double labeled with Alexa 488-HDL and
Alexa 546-Tf for 1 min at 37°C, chased for different times,
and lightly fixed with PFA. Immediately after labeling,
most Alexa 488-HDL and Alexa 546-Tf localize to the ba-
solateral membrane, and a few endocytic vesicles contain-

derneath the BC containing rhodamine-dextran. Cells prelabeled
with rhodamine-dextran (R and R’) were incubated with Alexa 633-
labeled asialo-orosomucoid (Alexa 633-ASOR; Q and Q') for 25 min,
washed, labeled with Alexa 488-HDL (P and P’) for 10 min, and
chased for 10 min at 37°C (P-S’). Alexa 633-ASOR labeled late en-
dosomes but not the BC (arrows), allowing one to distinguish BC
(stained with rhodamine-dextran) from late endosomes and lyso-
somes labeled with either Alexa 633-ASOR or rhodamine-dextran
(see above). The color overlay (F, I, L, and O) shows Alexa 488-
HDL in green and rhodamine-dextran in red. The color overlay in
triple-labeled cells (S and S’) shows additionally Alexa 633-ASOR in
blue. Colocalization appears yellow to orange. Bars = 20 pm except
in C and P'-S’, where bars = 5 pm.
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Fig. 3. Colocalization of Alexa 488-HDL with fluorescent trans-
ferrin (Tf) in the endocytic pathway. Cells were pulse-labeled with
Alexa 488-HDL (A, D, G, I, K, and N) and Alexa 546-Tf (B, E, H, ],
L, and O) for 1 min at 37°C. Cells were chased for 0 min (A-C), 1
min (D-F), or 10 min (G-P) at 37°C, placed on ice, and rinsed
three times with ice-cold medium 1. Cells were fixed with 2% para-
formaldehyde for 10 min on ice and imaged on a wide-field micro-
scope. Immediately after pulse-labeling, most Alexa 488-HDL re-
sided in the plasma membrane, but some endocytic vesicles
containing Alexa 546-Tf were observed adjacent to the plasma
membrane (A-C, arrowheads). After a 1 min chase, endocytic vesi-
cles containing Alexa 488-HDL and Alexa 546-Tf formed in the pe-
riphery of the cells (D-F, arrowheads). After a 10 min chase, both
probes accumulated in a subapical region (G and H) and in a peri-
nuclear area (I and J) in polarized and nonpolarized cells, respec-
tively. Only a faint staining of Alexa 488-HDL and no Alexa 546-Tf
was found in the BC (arrows in G and H, enlarged in Kand L). The
enlarged regions of G and H (K-M) and I and J (N-P) show that Al-
exa 488-HDL and Alexa 546-Tf colocalize in some vesicles under-
neath the BC in polarized cells (K-M) and in most vesicles in non-
polarized cells (N-P) (thin arrowheads). In polarized HepG2 cells
also, vesicles containing only Alexa 488-HDL were found (thick ar-
rowheads). The color overlay (C, F, M, and P) shows Alexa 488-
HDL in green and Alexa 546-Tf in red, and colocalization appears
yellow. Bars = 20 um in A-J and 5 wm in K-P.
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ing both analogs were already found (Fig. 3, A-C). The
number of double-labeled vesicles increased after a 1 min
chase (Fig. 3, D-F), and after a 10 min chase, both probes
became enriched in a SAC in polarized cells (Fig. 3G, H).
No Alexa 546-Tf was found in the BC, whereas Alexa 488-
HDL showed a faint staining of the BC compartment at
this time point (Fig. 3, K-M). Because Tf is delivered to
the SAC/ARC in polarized HepG2 cells (12), these data
indicate that Alexa 488-HDL also accumulates in this recy-
cling compartment after 10 min of chase at 37°C. In non-
polarized cells, Alexa 488-HDL colocalized with Alexa
546-Tf in vesicles of a juxtanuclear compartment (Fig. 3I,
J, N=-P, arrowheads). Comparison of label distribution in
the subapical and juxtanuclear area of polarized and non-
polarized cells, respectively, shows that there are single-
labeled as well as double-labeled vesicles in both types of
cells. Especially in polarized HepG2 cells, Alexa 488-HDL
was found in vesicles located in the SAC/ARC region,
which did not contain Alexa 546-Tf (Fig. 3, K-M, thick
arrowheads). This indicates the heterogeneity of organ-
elles in the subapical region of polarized hepatic cells
(12, 29, 30).

Quantitative assessment of the transport of Alexa
488-HDL in polarized HepG2 cells

We next quantified the fluorescence of Alexa 488-HDL
for both labeling protocols (i.e., 1 min and 10 min pulses
at 37°C) in those compartments that were found to con-
tain Alexa 488-HDL at different time points. In cells pulse-
labeled for 1 min at 37°C, Alexa 488-HDL was found to
accumulate in the SAC/ARC with a fluorescence maxi-
mum at 10 min of chase (Fig. 4A, closed circles). Fluo-
rescence of Alexa 488-HDL in the BC was maximal after
30 min of chase (Fig. 4A, open circles). Total cell-associ-
ated fluorescence of Alexa 488-HDL decreased during
the 30 min chase (Fig. 4B). A monoexponential fit to
the fluorescence decay (Fig. 4B, line) shows that the loss
of cell-associated fluorescence of Alexa 488-HDL occurs
with an estimated half-time of 6.9 min and an asymptote
of 46%.

In cells labeled for 10 min at 37°C with Alexa 488-HDL,
the initial fluorescence of Alexa 488-HDL in the SAC/
ARC was higher than that in cells pulse-labeled for 1 min,
and the fluorescence of Alexa 488-HDL in this compart-
ment decreased slightly during the chase (Fig. 4C, closed
circles). These observations are consistent with the maxi-
mal accumulation of Alexa 488-HDL in the SAC/ARC af-
ter a 10 min chase observed in cells labeled for 1 min with
the probe (compare Fig. 4A). These data show that most
Alexa 488-HDL is exported from the SAC/ARC at later
time points. As the fluorescence of Alexa 488-HDL in the
SAC/ARC decreased, fluorescence intensity in the BC in-
creased in cells labeled for 10 min with Alexa 488-HDL
(Fig. 4C, open circles). Total cell-associated fluorescence
of Alexa 488-HDL in cells labeled for 10 min at 37°C de-
creased rapidly (data not shown).

It is possible that Alexa 488-HDL could be degraded
and the dye released from cells (31), and this could ac-
count for the decrease of total cell-associated fluores-
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Fig. 4. Quantification of the transport kinetics of Alexa 488-HDL
in polarized HepG2 cells. Cells were labeled with rhodamine-dex-
tran for 1 h at 37°C, washed, and labeled for 1 min (A, B, and D) or
10 min (C) with 2 pg/ml Alexa 488-HDL, washed, and chased for
various times. A and C: Fluorescence of Alexa 488-HDL was quanti-
fied for the subapical vesicle pool (closed symbols) and for the BC
(open symbols) as described in Experimental Procedures. B: Total
cell-associated fluorescence of Alexa 488-HDL was quantified in po-
larized HepG2 cells, which were labeled with the probe for 1 min at
37°C and chased for different times. Cell-associated fluorescence of
Alexa 488-HDL could be fitted by a monoexponential decay (line
in B) with £ = 0.1 min~! corresponding to a half-time of fluores-
cence decay of 6.9 min. D: Fluorescence of Alexa 488-HDL in late
endosomes and lysosomes containing rhodamine-dextran was
quantified and normalized to total cell-associated fluorescence of
Alexa 488-HDL at 37°C as described in Experimental Procedures.
Accumulation of Alexa 488-HDL in the lysosomal compartments
could be fitted by a monoexponential function (line in D) with k =
0.071 min~! corresponding to a half-time of 9.7 min. Data repre-
sent means = SEM of 6-14 measurements derived from indepen-
dent experiments.

cence of Alexa 488-HDL. Such a process would require
the efficient transport of Alexa 488-HDL to late endo-
somes and lysosomes, where degradation could take
place (25, 31). According to this scenario, enrichment of
Alexa 488-HDL in late endosomes and lysosomes would
have to be rapid to explain the rapid decrease of cell-
associated fluorescence. To test this hypothesis, we mea-
sured the fluorescence of Alexa 488-HDL in endosomes
that had been labeled with rhodamine-dextran. As shown
in Fig. 4D, only ~2% of total cellular fluorescence of
Alexa 488-HDL accumulated in late endosomes and lyso-
somes labeled with rhodamine-dextran during the experi-
ment. The extent and kinetics of transport of Alexa 488-
HDL to late endosomes and lysosomes, therefore, are not
in accordance with the possibility of extensive degrada-
tion of Alexa 488-HDL in lysosomal compartments.

DHE incorporated into HDL is rapidly transported to the
BC by an ATP-independent mechanism

HDL particles contain nonesterified cholesterol as well
as cholesteryl esters. It has been shown that unesterified

sterol derived from HDL is rapidly delivered to the bile of
HDL-perfused rats (3, 32). Using the naturally fluorescent
sterol, DHE, incorporated into Alexa 488-HDL, we studied
the intracellular transport of HDL-derived sterol in polar-
ized HepG2 cells. Cells were prelabeled with rhodamine-
dextran to visualize BC, washed, and incubated for 1 min
at 37°C with DHE/Alexa 488-HDL. As shown in Fig. 5,
A-C, DHE (but not Alexa 488-HDL) became enriched in
the BC after this short labeling pulse. If cells were de-
pleted of ATP by preincubation in medium 2 containing
sodium azide and deoxyglucose, uptake of Alexa 488-HDL
(Fig. bE) and Alexa 546-Tf (data not shown) was completely
blocked (11). However, in these ATP-depleted cells, DHE
derived from HDL continued to be delivered to the cana-
licular membrane (Fig. 5D). Under these conditions,
staining of the basolateral membrane with DHE was
higher than in control cells, in parallel with the labeling
by Alexa 488-HDL in this membrane domain (Fig. 5E; see
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Fig. 5. Transport of dehydroergosterol (DHE) derived from Al-
exa 488-HDL in control and ATP-depleted HepG2 cells. Cells were
first labeled with rhodamine-dextran (C and F) for 1 h at 37°C.
Cells were washed and incubated for 30 min at 37°C in medium 1
(A-C, control cells) or in ATP-depletion medium (D-F, ATP-de-
pleted cells). Cells were labeled for 1 min with Alexa 488-HDL con-
taining DHE (DHE/Alexa 488-HDL) at 37°C, washed, and imaged.
In control and ATP-depleted cells, DHE (A and D) but not Alexa
488-HDL (B and E) accumulated in the BC identified by
rhodamine-dextran fluorescence (arrows). Bar = 20 pm. G: BC-
associated fluorescence of DHE in control cells (gray bars) and ATP-
depleted cells (gray hatched bars) was quantified for cells labeled
for 1 min with DHE/Alexa 488-HDL. For comparison, cells were la-
beled for 1 min at 37°C with DHE loaded on methyl-B-cyclodextrin
(DHE/MBCD), washed, and imaged. BC-associated fluorescence of
those labeled control cells (white bars) and ATP-depleted cells
(white hatched bars) was quantified. Data represent means = SEM
of 7-10 measurements derived from independent experiments.
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below). In ATP-depleted cells double labeled with Alexa
546-Tf and with Alexa 488-HDL and imaged by acquisi-
tion of z-stacks, no intracellular fluorescence of either
probe could be detected, in contrast to control cells.
When ATP-depleted cells labeled with Alexa 546-Tf were
treated with a mild acid wash, all fluorescence of Alexa
546-Tf could be removed (data not shown), confirming
that internalization was blocked.

Previously, we found that DHE inserted into the plasma
membrane of HepG2 cells by transfer from DHE/MBCD
gets delivered rapidly to the canalicular membrane of
HepG2 cells in an ATP-independent manner (11). From
this result, we concluded that transport of sterol between
the plasma membrane domains of hepatic cells is mostly
by a nonvesicular pathway. We next compared the BC-
associated fluorescence of DHE derived from HDL with
that of DHE derived from MBCD (Fig. 5G). BC-associated
fluorescence of DHE derived from HDL in control cells
(6.0 = 0.8%) and ATP-depleted cells (5.0 £ 0.4%) was
comparable to that of DHE derived from MBCD in con-
trol cells (6.9 = 0.9%) and ATP-depleted cells (6.7 =
0.7%) expressed as a percentage of total cellular fluores-
cence of DHE. Under both conditions (i.e., in cells incu-
bated with DHE/Alexa 488-HDL or with DHE/MBCD),
ATP depletion only slightly reduced canalicular enrichment
of DHE (Fig. 5G, hatched bars). This further supports the
idea that DHE derived from HDL, like DHE derived from
MBCD, accumulates in the BC by rapid nonvesicular
transport. Interestingly, we found that the cell-associated
fluorescence of DHE in ATP-depleted cells after a 1 min
pulse with DHE/Alexa 488-HDL was ~4.5-fold higher
than that observed in control cells (average of 10 cell cou-
plets per condition; repeated in three separate experi-
ments). From this observation, the following can be con-
cluded: é) transfer of sterol from HDL to HepG2 cells is
rapid and ATP-independent and can occur at the cell sur-
face; and #t) energy depletion increases the amount of ste-
rol transferred to hepatic cells during a brief incubation.

To estimate the quantitative contribution of nonvesicu-
lar ATP-independent transport to sterol enrichment in the
BC at later time points, cells pulse-labeled with DHE/Alexa
488-HDL were chased for 10 min at 37°C. In those cells,
canalicular fluorescence of DHE increased by only 10%
(6.65 = 0.7% BC-associated fluorescence expressed as a
percentage of total cellular fluorescence of DHE) com-
pared with cells without chase (Fig. 6A, B; compare Fig.
5G). Alexa 488-HDL was highly enriched in the SAC/ARC
region in those cells, whereas fluorescence of DHE in
this area was diffuse without clear vesicular enrichment.
After 60 min of chase, some DHE colocalized with Alexa
488-HDL in the perinuclear or subapical region (Fig. 6C,
D). Moreover, Alexa 488-HDL was found in late endosomes
and lysosomes containing rhodamine-dextran (compare
Fig. 2, M-0O). Those endosomes did not contain DHE
(Fig. 6, C'-E’). It is concluded that internalized HDL
does not shuttle any DHE to degradative compartments.

The low fluorescence of DHE in the SAC/ARC region
after a 10 min chase might be attributable to limited opti-
cal resolution for the weakly fluorescent DHE (11). How-
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ever, quantification of the accumulation of DHE derived
from the basolateral membrane by staining cells with
DHE/MBCD in the SAC/ARC reveals clear differences
from the transport of Alexa 488-HDL to this compartment
(Fig. 6F). Whereas maximal enrichment of DHE in this
compartment was not found before 30 min (a half-time
could be estimated to be ~8 min), fluorescence of Alexa
488-HDL in the SAC/ARC showed a maximum after a 10
min chase (compare Fig. 4). This is in full accordance
with the 10 min chase experiment for DHE (Fig. 6A, B).
We conclude that vesicular cotransport of DHE bound to
HDL accounts for less than 10% of the canalicular enrich-
ment of this sterol in HepG2 cells.

To determine whether the DHE bound to HDL was
transferred to HepG2 cells as a consequence of interac-
tion with SR-BI, we measured the DHE fluorescence trans-
ferred to cells in the presence or absence of an antibody
to SR-BI (Fig. 6G, H). Similar to the blocking of HDL la-
beled on the protein, the transfer of DHE to the HepG2
cells was inhibited by incubation with the SR-BI antibod-
ies. This could be inferred from the lower intensity of
DHE fluorescence in cells preincubated with the SR-BI an-
tibody. In fact, in cells incubated in the presence of the
SR-BI antibody, the fluorescence of DHE was 25% of that
in control cells when intensities were corrected for auto-
fluorescence. These results clearly show that SR-BI medi-
ates the uptake of free sterol derived from HDL by HepG2
cells.

DISCUSSION

Biliary cholesterol secretion is of high importance for
overall cholesterol balance. Several studies have indicated
that HDLs, but no other lipoproteins, are the source for
biliary cholesterol (2, 3, 32). However, it remains unclear
how HDL-derived cholesterol becomes selectively tar-
geted to the canalicular membrane for subsequent release
into the bile. Earlier studies have suggested that HDL
binds to the basolateral membrane of hepatic cells, result-
ing in the release of lipids from the lipoprotein without
uptake of the particles (6, 33). However, these studies
might have missed a rapid internalization of HDL and re-
secretion into the medium. Indeed, in various hepatoma
cell lines, including HepG2 cells, a retroendocytic path-
way for HDL has been described (7, 8). Uptake of HDL
was blocked by ATP depletion or by exposure to low tem-
perature, and it was sensitive to agents interfering with en-
docytic recycling (8, 28). In some previous studies, recy-
cling of HDL particles was accompanied by net transfer of
radioactively labeled cholesterol from HDL to hepatic
cells (8).

SR-BI is the major low-affinity binding site for HDL on
hepatic cells, including HepG2 cells (33-37). It has been
shown that SR-BI and its associated HDL can be internal-
ized by hepatic cells (14). We confirmed that Alexa 488-
HDL is rapidly internalized by polarized HepG2 cells. The
uptake was blocked by excess unlabeled HDL and by anti-
bodies against SR-BI (~65% inhibition), consistent with
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uptake via SR-BI. We also found reduced uptake of Alexa
488-HDL by lipid-free apoA-I (~80% inhibition). It has
been shown that apoA-I is internalized by an ectopic ATP
synthase in HepG2 cells (38). However, lipid-free apoA-I
can compete with '2I-HDL binding to SR-BL, in accor-
dance with our results (24). Because apoA-l is an ex-
changeable lipoprotein, it is theoretically possible that
some Alexa 488-labeled apolipoprotein exchanges out of
the HDL particle, binds to a receptor for lipid-free apoA-I,
and becomes internalized. From our experiments, we can-
not completely rule out that this occurs to some extent.
However, because the SR-BI antibody inhibited the uptake
of HDL Iabeled either in the protein or in the lipid
(DHE) to a similar extent, we suggest that SR-BI is the ma-
jor receptor for the uptake of our labeled HDL into
HepG2 cells. It has been suggested that the expression of
SR-BI is required for reverse cholesterol transport by me-
diating the selective uptake of HDL-associated lipids by
the liver and their subsequent transfer to the bile (23,
32). Administration of HDL labeled with the lipid analog
dioctadecanoyl-3,3,3’,3'-tetramethylindocarbocyanine per-
chlorate (Dil-C18) to mice overexpressing SR-BI resulted
in the secretion of Dil-C18 into the bile of those animals
(23). Overexpression of SR-BI in mice also resulted in ac-
celeration of the biliary release of [*H]cholesterol derived
from administered HDL compared with control mice (32).

+ SR-BI

Fig. 6. Transport of DHE derived from Alexa 488-
HDL after prolonged chase and inhibition of DHE up-
take by SR-BI antibodies. A and B: Cells were labeled
for 1 min with DHE /Alexa 488-HDL and chased for 10
min at 37°C. DHE but not Alexa 488-HDL accumu-
lated in the BC (arrows), whereas Alexa 488-HDL but
not DHE became enriched in the subapical region [ar-
rowheads in enlarged regions, A’ and B’, outlined area
corresponds to the BC seen in A’ (arrows)]. C-E: Cells
were first labeled with rhodamine-dextran (E and E")
for 1 h at 37°C. Cells were washed, incubated for 1 min
with DHE/Alexa 488-HDL, and chased for 60 min at
37°C. DHE (C) and Alexa 488-HDL (D) were found in
the BC (arrows) labeled by rhodamine-dextran (E).
Additionally, DHE became enriched in the perinuclear
or subapical region, where it partially colocalized with
Alexa 488-HDL (arrowheads in C'' and D'’). Some Al-
exa 488-HDL was also transported to late endosomes
and lysosomes labeled with rhodamine-dextran (arrow-
heads in D’ and E') that lacked DHE (C’). Bars = 20 pm
in A-E and 5 pm in A’-E’, C"’, and D"’. F: Quantitative
comparison of the transport of DHE derived from
DHE/MBCD (closed symbols) (cells were labeled for 1
min with DHE/MBCD and chased for various times)
and Alexa 488-HDL (open symbols) (see Fig. 4A; nor-
malized here to maximal intensity) to the subapical
compartment/apical recycling compartment (SAC/
ARC). Enrichment of DHE in the SAC/ARC could be
fitted to a monoexponential function (dashed line)
giving a half-time of 7.9 min. Data represent means *
SEM of eight measurements derived from indepen-
dent experiments. G: HepG2 cells were preincubated
with antibodies against SR-BI for 5 min at 37°C and la-
beled with DHE /Alexa 488-HDL for 10 min at 37°C in
the presence of SR-BI antibody. autofl., autofluores-
cence.

This rapid sterol transport from HDL into bile led to a
model in which SR-BI mediates the rapid transfer of free
cholesterol to the canalicular membrane by a process that
is controlled by ATP-dependent lipid translocation across
the canalicular membrane (32). We have examined this pro-
cess by comparing the fates of Alexa 488-HDL and DHE.

Colocalization of Alexa 488-HDL with internalized Tf
was found as early as after 1 min of incubation with the
probes (Fig. 3), suggesting that Alexa 488-HDL is most
likely internalized together with fluorescent Tf by clath-
rin-dependent endocytosis. Several other studies have con-
cluded that uptake of HDL in HepG2 cells and in en-
terocytes (28, 39) is clathrin-mediated, which would be
consistent with our interpretation. However, a previous
study found that uptake of HDL by hepatocyte couplets
is not affected by the expression of dominant-inhibitory
forms of dynamin, suggesting that the uptake is by a clath-
rin-independent mechanism (14). From our experiments,
we cannot rule out the possibility that HDL is endocytosed
by a separate mechanism and is then delivered rapidly
into the endosomes containing Tf.

It was shown previously that SR-BI and labeled HDL
colocalize with fluorescent Tf in endosomes adjacent to
the BC of primary hepatocyte couplets (14). We found
that after internalization, some Alexa 488-HDL was trans-
ported to recycling endosomes containing Tf located ad-

Wiistner et al. HDL and sterol transport in hepatocytes 435

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

ml

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2004/02/26/45.3.427.DC1.ht

jacent to the BC of HepG2 cells. Colocalization with fluo-
rescent Tf in this region suggests that Alexa 488-HDL is
transported to a SAC/ARC, previously shown to be a ma-
jor pool of sterol and recycling lipids in those cells (11,
12, 40). This suggested that the SAC/ARC might play a
pivotal role in the selective transport of sterol derived
from the HDL particle to the canalicular membrane.
However, without a way to directly image sterols, it was
not possible to determine at which point in the en-
docytic itinerary the pathways of the sterol and the pro-
tein diverged.

Our kinetic results presented in Figs. 3-6 help to ex-
plain the selective and rapid sorting of free sterol from
HDL that has been described in previous studies: HDL
binds to a receptor at the basolateral membrane (proba-
bly SR-BI) followed by rapid release of free cholesterol
from the HDL particle and shuttling of this sterol to the
canalicular membrane. We show here that SR-BI mediates
(at least partially) the endocytosis of HDL particles by
HepG2 cells as well as the uptake of HDL-associated free
sterol. This is in accordance with the proposed function of
SR-BI in vivo, although the underlying mechanism for this
dual function of SR-BI (i.e., uptake of a lipoprotein versus
release and shuttling of its free sterol content) is not
known at present (14, 23, 24, 32). After delivery to the ba-
solateral membrane, transfer of sterol from HDL to the
BC could occur mainly by nonvesicular transport pro-
cesses, including flipping of sterol to the cytoplasmic leaf-
let of the plasma membrane and lateral diffusion toward
the BC (11). The previously measured half-time of trans-
port of DHE from the basolateral to the canalicular mem-
brane of HepG2 cells (1-2 min) is consistent with the in
vivo clearance rate of cholesterol derived from HDL (1-3
min) (3, 32). This is also consistent with the observation
that there is little additional delivery of DHE to the BC
when the chase period is extended from 1 min to 10 min.
Our comparisons of Alexa 488-HDL traffic versus DHE
traffic suggest that the transport of nonesterified sterol
from HDL to the canalicular membrane is too fast to be
accounted for by vesicle transcytosis through hepatic cells.
Moreover, this transport is largely energy-independent,
whereas vesicle transport is known to require energy. We
thus conclude that nonesterified sterol derived from HDL
is rapidly transported to the canalicular membrane by a
largely ATP-independent nonvesicular pathway, which in-
cludes rapid transbilayer migration of the sterol. Remark-
ably, we found a 4.5-fold increase in cell-associated DHE
derived from HDL during a 1 min incubation when cells
were energy depleted. At present, we do not know the ba-
sis for this increased transfer of sterol. One possible expla-
nation could be that in normal, energy-replete cells, there
is an active, energy-dependent flipping of inner leaflet ste-
rol back to the outer leaflet to maintain overall interleaf-
let asymmetry. Thus, there would be less sterol in the in-
ner leaflet at any given time, and thus, less of them will be
able to access the nonvesicular cytosolic carriers for trans-
port to the canalicular membrane. Sterol in the outer leaf-
let also could be accessible for acceptor-mediated efflux
from cells. Indeed, an ATP-dependent transport step has
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been suggested for cholesterol efflux to lipid-free apoA-I
in various cell types.

Recently, it has been shown that the ABC half-trans-
porters ABCG8 and ABCGbH dimerize at the canalicular
membrane of polarized WIF-B cells and mediate the bil-
iary secretion of cholesterol but not phospholipids in
mice overexpressing the proteins (4, 5). Thus, an ATP-
dependent process results in cholesterol release from
the membrane and incorporation into PC-bile salt mi-
celles or vesicles in the canalicular lumen (41). The en-
ergy-dependent step might involve an export pump that
facilitates cholesterol transport to the luminal leaflet of
the canalicular membrane or a process that increases the
efficiency of cholesterol transfer to acceptors in the bile.
This energy-requiring process would occur after the
ATP-independent delivery of sterol to the canalicular
membrane.

Although free sterol derived from HDL is mainly deliv-
ered to the canalicular membrane by nonvesicular trans-
port, most of the internalized HDL is returned to the
plasma membrane and released. One pathway would in-
volve return from the SAC/ARC back to the basolateral
plasma membrane. The measured half-time for the re-
lease of HDL from HepG2 cells (6.9 min) is faster than
most recycling from ERCs (25). However, there are faster,
more direct recycling pathways from early sorting endo-
somes (42, 43), and such a pathway may be operating in
polarized HepG2 cells, ensuring the efficient resecretion
of internalized HDL into the culture medium. Because
cholesterol would be removed rapidly from the cell-associ-
ated HDL, the resecreted particles would have altered lipid
compositions, as has been observed experimentally (14).

Our results suggest that HDL is internalized by HepG2
cells, but this internalization is apparently not required
for the transport of free cholesterol to the canalicular
membrane. In contrast, internalization of HDL into the
SAC/ARC might be important for the uptake and selec-
tive transcytosis of cholesterol esters (14). Further studies
with DHE esters incorporated into HDL may help to un-
derstand the transcytosis of these esters.il§
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