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ATP-binding cassette transporter A1 (ABCA1) mediates
the rate-limiting step in high density lipoprotein (HDL) par-
ticle formation, and its expression is regulated primarily by
oxysterol-dependent activation of liver X receptors. We pre-
viously reported that ABCA1 expression and HDL formation
are impaired in the lysosomal cholesterol storage disorder
Niemann-Pick disease type C1 and that plasma HDL-C is low in
the majority of Niemann-Pick disease type C patients. Here, we
show that ABCA1 regulation and activity are also impaired in
cholesteryl ester storage disease (CESD), caused by mutations in
the LIPA gene that result in less than 5% of normal lysosomal
acid lipase (LAL) activity. Fibroblasts from patients with CESD
showed impaired up-regulation of ABCAI in response to low
density lipoprotein (LDL) loading, reduced phospholipid and
cholesterol efflux to apolipoprotein A-I, and reduced a-HDL
particle formation. Treatment of normal fibroblasts with chlo-
roquine to inhibit LAL activity reduced ABCA1 expression and
activity, similar to that of CESD cells. Liver X receptor agonist
treatment of CESD cells corrected ABCA 1 expression but failed
to correct LDL cholesteryl ester hydrolysis and cholesterol
efflux to apoA-I. LDL-induced production of 27-hydroxycholes-
terol was reduced in CESD compared with normal fibroblasts.
Treatment with conditioned medium containing LAL from nor-
mal fibroblasts or with recombinant human LAL rescued
ABCA1 expression, apoA-I-mediated cholesterol efflux, HDL
particle formation, and production of 27-hydroxycholesterol by
CESD cells. These results provide further evidence that the rate
of release of cholesterol from late endosomes/lysosomes is a
critical regulator of ABCA1 expression and activity, and an
explanation for the hypoalphalipoproteinemia seen in CESD
patients.
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High density lipoproteins (HDL) are thought to protect
against atherosclerosis by diverse mechanisms, including medi-
ating reverse cholesterol transport and anti-inflammatory
effects (1). The rate-limiting step in HDL particle formation is
the lipidation of apolipoprotein A-I (apoA-I) and other HDL
apolipoproteins by the membrane lipid transporter ATP-bind-
ing cassette transporter A1 (ABCA1) (2). Expression of ABCA 1
is induced by increased cell cholesterol content, through oxys-
terol-dependent activation of the nuclear liver X receptors
(LXRs)* on the promoter region of ABCA1I (3, 4). Further cho-
lesterol efflux to HDL can be mediated via ABCG]1, also regu-
lated transcriptionally by LXR (5, 6). However, the roles of dif-
ferent intracellular cholesterol pools, including de novo
synthesized cholesterol, late endosomal/lysosomal cholesterol,
and plasma membrane cholesterol, in the regulation of oxys-
terol production and ABCA 1 expression are poorly understood.

We have previously demonstrated that regulation of ABCA1
is impaired in the lysosomal cholesterol storage disorder
Niemann-Pick disease type C1 (NPC1), leading to reduced
HDL particle formation by human NPC1 disease fibroblasts (7).
The defect in the lipidation of apoA-I was overcome by addition
of an exogenous non-oxysterol synthetic ligand for LXR to up-
regulate ABCA1, suggesting ABCA1 might be able to mobilize
cholesterol from late endosomes/lysosomes even in the pres-
ence of NPC1 deficiency (8). We also determined that plasma
HDL-C was low in 17/21 patients studied with NPC disease (7),
further confirming a recent report of a larger cohort of NPC1
subjects (9). Low plasma HDL-C in patients with NPC1 disease
occurs independent of their plasma triglyceride levels (9), fur-
ther suggesting that impaired ABCAI regulation as a conse-
quence of reduced flux of cholesterol out of lysosomes is the
cause of the hypoalphalipoproteinemia in this disease.

In this study, we have extended these findings to another
lysosomal cholesterol storage disorder, cholesteryl ester stor-
age disease (CESD), caused by deficiency of lysosomal acid
lipase (LAL) activity (10). CESD and its more severe form Wol-
man disease are autosomal recessive diseases caused by muta-
tions in the LIPA gene that encodes for LAL, the sole enzyme
responsible for acidic hydrolysis of cholesteryl esters and tri-

“The abbreviations used are: LXR, liver X receptor; CESD, cholesteryl ester
storage disease; 27-HC, 27-hydroxycholesterol; LAL, lysosomal acid lipase;
LPDS, lipoprotein-deficient serum; NPC, Niemann-Pick type C; LPDS, lipo-
protein-deficient serum; rh, recombinant human.
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glycerides delivered from lipoproteins to lysosomes (11, 12). In
contrast to Wolman disease, in which complete absence of LAL
activity results in death usually in the first 6 months of life,
splice mutations of LIPA that result in the 5-10% residual LAL
activity in CESD allow patients to survive usually to adulthood.
In addition to hepatosplenomegaly, individuals with CESD
exhibit premature atherosclerosis and plasma HDL-C levels
that are approximately half the normal levels (10). The reason
for low HDL-C in CESD has not previously been known. Here,
we describe impaired regulation of ABCAI in human CESD
fibroblasts, reduced lipid efflux to apoA-I and HDL particle
formation, induction of the same defects by inhibition of LAL
activity in normal fibroblasts, and correction of ABCA I expres-
sion and HDL particle formation in CESD cells treated with
LAL-containing conditioned medium from normal fibroblasts
or recombinant human LAL. We also demonstrate impaired
oxysterol generation in CESD fibroblasts, as previously shown
in NPCI~"~ and NPC2~/~ fibroblasts (13), and correction of
oxysterol formation in CESD cells following incubation with
LAL-containing conditioned medium or purified LAL
enzyme. Together with our findings in NPC1 disease, these
results provide a likely reason for the low HDL-C in CESD-
impaired regulation of ABCAI, and they further demon-
strate the critical importance of the rate of flux of cholesterol
out of lysosomes in the regulation of ABCAI expression and
HDL particle formation.

EXPERIMENTAL PROCEDURES

Materials—Cholesteryl oleate, unesterified cholesterol, 1-
monooleoyl-rac-glycerol, 1,2-distearoyl-rac-glycerol, triolein,
oleic acid, 4-methylumbelliferyl oleate. Phosphatidylcholine,
sphingomyelin, LXR agonist TO-901317, chloroquine diphos-
phate, and fatty acid-free bovine serum albumin (BSA) were
purchased from Sigma. Purified oxysterols were purchased
from Avanti Polar Lipids. [cholesteryl-1,2,6,7->H]cholesteryl
linoleate (60-100 Ci/mmol) was purchased from American
Radiolabeled Chemicals, and [methyl->H]choline chloride (66.7
Ci/mmol) was from PerkinElmer Life Sciences. Dulbecco’s
modified Eagle’s medium (DMEM) was purchased from Bio-
Whittaker, and fetal bovine serum and lipoprotein-deficient
serum (LPDS) was from Cocalico Biologicals, Inc. Nitrocellu-
lose membranes, SDS-PAGE reagents, and pre-stained protein
molecular mass markers were purchased from Bio-Rad. PE-SIL
G plastic-backed flexible plates used for thin layer chromatog-
raphy analysis were from Whatman. Purified recombinant
human LAL (rhLAL) was from Shire Human Genetic Therapies
(Lexington, MA).

Preparation of Lipoproteins and Apolipoprotein A-1—LDL
was isolated from pooled plasma from healthy fasting donors by
density gradient ultracentrifugation (14). Radiolabeling of
LDL with [1,2,6,7->H]cholesteryl linoleate was performed as
described previously (15) to a specific activity of 16 — 44 cpm/ng
of LDL protein. ApoA-I was purified from human plasma using
Q-Sepharose Fast Flow chromatography as described previ-
ously (8).

Cell Culture—Normal human skin fibroblasts were pur-
chased from the American Type Culture Collection (Manassas,
VA). CESD human skin fibroblasts were obtained via skin
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biopsy from an adult patient in the Cardiovascular Risk
Reduction Clinic, University of Alberta Hospital, Edmonton,
Alberta, Canada, following informed consent (CESD1). Genetic
sequencing of CESD1 cells was kindly performed by the labo-
ratory of Dr. Robert Hegele (Robarts Research Institute, Lon-
don, Ontario, Canada) indicating a heterozygous splice muta-
tion E8SJM (A254 -277, 934G— A or ¢.894G— A), which leads
to a G-to-A transition at the —1-position of exon 8. Although
no previously described LAL mutations could be identified for
the second allele, a second CESD mutation was assumed as the
patient exhibits a classic histological phenotype of CESD based
on prior liver biopsy. The second CESD human skin fibroblast
cell line from an adult patient (CESD2) was generously pro-
vided by Dr. John Parks (Wake Forest University School of
Medicine). This patient was a compound heterozygote for the
common E8SJM mutation (¢.894G—A), which leads to exci-
sion of exon 8, and a CT deletion in exon 4, causing a frameshift
and termination signal four codons downstream at codon 137
(€.397-398delCT; FS 137X) (16). Low LAL enzyme activity was
confirmed in both cell lines (see under “Results”).

All cells were grown in monolayers and were used between
the 5th and 25th passage. Cell lines were maintained in a
humidified incubator at 37 °C and 5% CO, in DMEM contain-
ing 10% fetal bovine serum supplemented with 1% penicillin/
streptomycin (Invitrogen) (growth medium). Cells were plated
at 40,000/35-mm well or 120,000 cells/60-mm dish and grown
to ~60% confluence in growth medium. Cells were subse-
quently grown to 100% confluence in DMEM containing 10%
LPDS. Where indicated, cells were then incubated with DMEM
containing 50 ug/ml LDL protein for 24 h.

Conditioned Medium Experiments—For conditioned me-
dium experiments, cells grown to confluence as above were
incubated an additional 24 h in DMEM containing 5% LPDS.
Conditioned medium was then removed from cells, centrifuged
to pellet any cells, and added back to the indicated cell mono-
layers for a further 24 h prior to incubation with 50 png/ml LDL
for 24 h, as described previously (17).

Recombinant Human LAL Treatment—During optimization
experiments, a stock solution of 2.9 mg/ml recombinant human
LAL in 20 mu citrate, pH 5.3, was diluted to final concentra-
tions 0f0.15, 0.3, 0.6, 1.2, 2.4, or 6.0 ug/ml in DMEM and added
to CESD1 (CD1) and CESD2 (CD2) cell monolayers for 24 h
prior to LDL loading. Further experiments were performed
using a final concentration of 1.2 pug/ml rhLAL.

Chloroquine Treatment—Where indicated, cells were pre-
treated for 1 h prior to LDL loading with 50 um chloroquine
diphosphate by addition of 5 ul/ml of a 10 mm stock solution,
made up in DMEM with pH adjusted to 7, directly to the
medium, and the same concentration of chloroquine was then
added in the presence or absence of 50 pg/ml LDL for an addi-
tional 24 h as described previously (18).

Cholesterol and Phospholipid Efflux—Radiolabeling of LDL-
derived cellular cholesterol pools was achieved by incubating
cells for 24 h with 50 pg/ml [*H]cholesteryl linoleate-labeled
LDL. Cell choline-containing phospholipids were labeled in the
presence of 50 ug/ml LDL by addition of 5 uCi/ml [*H]choline
chloride for 24 h (8, 19). Cells were washed two times with PBS
and then incubated in DMEM containing 10 ug/ml apoA-I for
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24 h or the indicated time points. Efflux media were collected
and centrifuged at 3,000 rpm for 10 min at 4 °C to remove cell
debris. [PH]Cholesterol in the medium was then measured
directly for cells labeled with [*H]cholesteryl linoleate-labeled
LDL by liquid scintillation counting. For phospholipid efflux,
lipid extraction of medium was performed prior to separation
of lipids by thin layer chromatography (20). Cell monolayers
were kept on ice and rinsed on ice two times with cold PBS
containing 1 mg/ml BSA and two times with cold PBS and
stored at —20 °C until lipid extraction. Cellular lipids were
extracted and separated by thin layer chromatography and
assayed for radioactivity as described previously (21). For LDL-
derived cholesterol efflux assays, the radioactivity of cholesteryl
esters and unesterified cholesterol spots was measured using
unlabeled carrier lipids to identify spots. For phospholipid
assays, radiolabeled sphingomyelin and phosphatidylcholine
spots were measured. Protein content of cell monolayers was
determined by standard Lowry assay using BSA as standard
(22).

Cholesterol Mass Assay—Cells were grown in 6-well plates
and loaded with LDL as described above. Following LDL incu-
bation, cells were washed twice with PBS, 1 mg/ml fatty acid-
free albumin and incubated 24 h in the presence of 10 ug/ml
apoA-I. The media fraction was collected, and cells were
scraped in PBS, collected, and homogenized by sonication.
Phospholipids from media or cell homogenates were digested
using phospholipase C to remove the polar head groups, and
samples were vortexed for 2 h at 30°C. Total lipids were
extracted by organic phase extraction with tridecanoin as the
internal standard. Samples were derivatized with Sylon BFT
(Supelco), and sterols were separated, analyzed by gas chroma-
tography (Agilent Technologies, 6890 Series equipped with a
Zebron capillary column (ZB-5, 15 m X 0.32 mm X 0.25 um),
and connected to a flame ionization detector (Zebron, Palo
Alto, CA) (23). The separation of cholesterol and cholesteryl
esters was identified, and their mass was calculated using the
retention times and mass of the internal standard (8).

Quantitative Real Time PCR Analysis of ABCAI and ABCG1
mRNA—Total RNA was isolated from fibroblast monolayers
using TRIzol reagent extraction (Invitrogen), and cDNA syn-
thesis was performed as described previously (7). ABCAI and
ABCGI1 DNA amplification was performed by initial denatur-
ation at 95 °C for 3 min. Thereafter, denaturing was at 95 °C for
20 s, annealing at 58 °C for ABCA1 or 60.9 °C for ABCGI for
20 s, and extension at 72 °C for 40 s for a total of 40 cycles (8).
SYBR Green (Quanta Biosciences) was used to detect PCR
products in real time using a Realplex® Mastercycler thermocy-
cler (Eppendorf). The human housekeeping gene cyclophilin
c¢DNA was amplified using the same conditions. ABCA1 mRNA
levels were calculated using the comparative C method rela-
tive to cyclophilin. The following primers were used: human
ABCA1L, 5'-GAC ATC CTG AAG CCA ATC CTG (forward)
and 5'-CCT TGT GGC TGG AGT GTC AGG T (reverse);
human ABCG1, 5'-CAC CTC GCA CAT TGG GAT CG (for-
ward) and 5'-GCC AGG TAG TAG GCC TTC AG (reverse);
human cyclophilin, 5'-ACC CAA AGG GAA CTG CAG CGA
GAG C (forward) and 5'-CCG CGT CTCCTT TGA GCT GTT
TGC AG (reverse).
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Western Blot Analysis of ABCAI and LAL—Cells in 60-mm
dishes were harvested in 300 ul of lysis buffer containing 20 mm
Tris, 5 mM EDTA, 5 mMm EGTA, 0.5% maltoside, and 1X Com-
plete Mini Protease Inhibitor (Roche Applied Science) and
homogenized using a glass mortar and Teflon pestle. Samples
were then centrifuged at 2500 rpm for 10 min at 4 °C to pellet
nucleic acids. The sample protein concentration was quantified
using reagent from Bio-Rad. Samples to be used for human LAL
(hLAL) analysis were boiled for 5 min at 100 °C. Samples used
for ABCA1 analysis were not boiled, according to the antibody
manufacturer’s guidelines (Calbiochem). Fifteen to 30 ug of
proteins were separated by a 5-15% gradient SDS-PAGE under
reducing conditions and transferred to nitrocellulose mem-
brane. Immunoblotting was performed according to standard
protocols using polyclonal rabbit anti-human ABCA1 antibody
(1:1000 dilution) (Calbiochem), a polyclonal rabbit anti-hLAL
antibody (1:2000 dilution, Seven Hills Bioreagents), and a goat
anti-rabbit IgG horseradish peroxidase-conjugated secondary
antibody (1:10,000 dilution, Sigma). Chemiluminescence was
detected using Super Signal West Femto maximum sensitivity
substrate (Pierce Protein Research Products) and the Chemige-
nius Biolmaging System (Syngene).

Two-dimensional Gel Electrophoresis of HDL Particles—To
characterize apoA-I-containing particles generated by normal
and CESD fibroblasts, cell monolayers in 35-mm wells were
treated as described above for conditioned medium experi-
ments with the exception of the last hour of incubation with
apoA-I, when 1 mg/ml fatty acid-free albumin was added to the
medium to stabilize HDL particles. Fibroblast-conditioned
media were then centrifuged at 2000 X g for 5 min at 4 °C to
pellet cells, and the supernatant was concentrated 10-fold by
ultracentrifugation (Amicon Ultra-4, MWCO 10,000, Milli-
pore). The concentrated media were stored at —80 °C. HDL
particles in each of the concentrated apoA-I-conditioned
media were separated according to our previously described
methods (8), with some modifications. Briefly, 25 ul of each
sample was separated in the first dimension by 0.75% agarose
gel in 50 mMm barbital buffer, pH 8.6, at 200 V for 5 h at 6 °C.
Second dimension electrophoresis was performed with a
5-23% polyacrylamide concave gradient gel at 125 V for 24 h at
6 °Cin 0.025 M Tris, 0.192 M glycine buffer, pH 8.3. High molec-
ular weight protein standards (7.1-17.0 nm, Amersham Biosci-
ences) were run on each gel. After electrophoresis, samples
were transferred (35 V, 24 h, 4 °C) onto nitrocellulose mem-
branes (Trans-blot, Bio-Rad), stained with Ponceau S to locate
the standard proteins, and blocked for 1 h in Tris-buffered
saline containing 1% Tween 20 (TBS-T) and 10% skim milk at
room temperature. ApoA-I-containing particles were detected
by immunoblotting with rabbit polyclonal anti-human apoA-I
antibody (Calbiochem) and goat anti-rabbit horseradish perox-
idase-conjugated polyclonal secondary antibody (Sigma).
Chemiluminescence was detected using chemiluminescent
substrate (Pierce).

Oxysterol Mass Determination—Lipid extraction of cell
monolayers and solid phase purification were performed as
described (24, 25). Lipid extracts were derivatized with Sigma
Sil-A for 1 h at 60 °C, and the mass of 27-hydroxycholesterol
was quantified by gas chromatography/mass spectrometry
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according to Frolov et al. (13), using d;-27-hydroxycholesterol
as internal standard.

Statistics—Results were analyzed using GraphPad Prism ver-
sion 5.0 and are presented as the mean * S.D. Significant dif-
ferences between experimental groups were determined using
the Student’s ¢ test, with the exception of Figs. 1C and 5, C-E,
where two-way analysis of variance was performed, and differ-
ences between experimental groups were determined using a
Bonferroni post hoc comparison.

RESULTS

Reduced LDL-induced Expression of ABCAI and ABCGI in
CESD Fibroblasts—We previously reported impaired regula-
tion of ABCA1 in NPC1-deficient human fibroblasts (7), where
the rate of release of unesterified cholesterol out of the late
endosome/lysosome compartment is slowed (26, 27), and oxys-
terol generation is reduced (13). The slowed hydrolysis of LDL
and other lipoprotein cholesteryl esters in CESD, resulting
from mutations in LAL, also results in reduced cholesterol
release from this compartment and impaired cholesterol regu-
latory responses (11). We therefore hypothesized this would
lead to impaired regulation of ABCA I expression and activity in
CESD cells. Impaired LAL activity was confirmed in skin fibro-
blasts obtained from two unrelated human CESD patients
(CD1 and CD2) using an in vitro 4-methylumbelliferyl oleate
fluorescence assay (28, 29), with CD1 showing 3.86 = 0.86% and
CD22.17 = 0.85% the LAL activity of normal (NL1) fibroblasts.
To determine ABCA I expression, normal and CESD fibroblasts
were grown the last 40% to confluence in LPDS and then incu-
bated in the absence or presence of 50 ug/ml LDL for 24 h.
Quantitative real time PCR analysis of cellular RNA extracts
revealed the fold increase in ABCAI mRNA expression of
CESD fibroblasts in response to LDL loading was reduced to
approximately % that in two normal fibroblast cell lines (Fig.
1A). Basal and LDL-stimulated expressions of ABCG1 mRNA
were also significantly reduced in both CESD cell lines com-
pared with normal fibroblasts (Fig. 1B). In the absence of LDL
loading, levels were consistently so low as to be undetectable
from CESD2 fibroblasts; LDL loading failed to up-regulate
ABCGI mRNA expression to normal levels in either cell line
(Fig. 1B). The increase in ABCA1 protein levels following LDL
loading was also blunted in CESD compared with normal fibro-
blasts (Fig. 1, C and D). These results suggest that, as previously
seen in human NPC1 disease fibroblasts (7, 8), reduced flux of
cholesterol out of the late endosome/lysosome compartment in
CESD cells also results in impaired transcriptional regulation of
ABCA1 and ABCGL.

Reduced Phospholipid and LDL-derived Cholesterol Efflux to
ApoA-I from CESD Fibroblasts—Efflux of cellular phospholip-
ids and cholesterol to HDL apolipoproteins to form viable HDL
particles is critically dependent on ABCA1 activity and is not
substituted by any other known cellular mechanism or trans-
porter (2). To determine the functional activity of ABCAI in
CESD fibroblasts, the efflux of radiolabeled phospholipids and
LDL-derived cholesterol as well as total cholesterol mass to
apoA-I-containing medium was measured. Efflux to apoA-I of
cell phosphatidylcholine and sphingomyelin radiolabeled by
addition of [*H]choline during the LDL-loading phase was sig-
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nificantly reduced in both CESD fibroblast lines when com-
pared with two normal fibroblast lines (Fig. 2, A and B). To
specifically measure efflux of cholesterol derived from LDL,
cells were loaded with LDL containing [*H]cholesteryl linoleate
prior to incubation with apoA-I. Efflux of LDL-derived choles-
terol as a percentage of total medium plus cell radiolabel to 10
pg/ml apoA-I over a 48-h period was significantly lower from
the two CESD cell lines (7.4 = 0.67 and 10.3 = 1.04% from
CESD1 and CESD2 cell lines, respectively) when compared
with the two normal cells lines (23.6 = 2.70 and 18.8 * 0.69%
from NL1 and NL2, respectively) (Fig. 2C). The percentage of
total medium plus cellular radiolabel in cell cholesteryl esters
was persistently higher in CESD cells, consistent with reduced
LAL activity and reduced hydrolysis of lysosomal cholesteryl
esters over the 48-h time course of the experiment (Fig. 2D).
Radiolabeled unesterified cholesterol was much lower in CESD
cells at the start of the apoA-I incubation but, in contrast to
normal cells, rose during the apoA-I incubation as cholesteryl
esters were gradually hydrolyzed (Fig. 2E). The increase in
unesterified cholesterol counts is consistent with reduced
ABCA1 activity in these cells and reduced efflux to apoA-I com-
pared with normal cells. Differences in cholesterol mass in the
medium and cell cholesteryl ester pools after 24 h of incubation
with 10 pug/ml apoA-I mirrored changes seen in the radiola-
beled experiments, with much lower efflux of cholesterol mass
to apoA-I-containing medium and much higher cholesteryl
ester levels in CESD compared with normal cells (Fig. 2, F and
G). Normal and CESD cells had unesterified cholesterol mass
ranging between 33.0 = 3.03 ug/mg (NL1) and 63.4 = 6.62
pg/mg (CD1) cell protein; taken together, no significant differ-
ence could be observed between normal and CESD cells in this
parameter (Fig. 2H). This result was not unexpected because, as
opposed to radiolabeling experiments where the fate of
[PH]LDL-cholesteryl esters was measured specifically, the total
mass of unesterified cholesterol also includes that from de novo
cholesterol synthesis by HMG-CoA reductase and hydrolysis of
cytosolic cholesteryl esters (30).

Chloroquine Blocks LDL-dependent Up-regulation of ABCA1
Expression and Activity in Normal Fibroblasts—To test
whether inhibition of LAL activity impairs ABCA1 expression
and activity in normal fibroblasts, cells were exposed to 50 um
chloroquine for 1 h prior to and during LDL loading (11). Chlo-
roquine treatment of normal fibroblasts reduced basal ABCA 1
mRNA to nearly zero and completely blocked the increase in
ABCAI mRNA seen in response to LDL loading, which was
reduced to a greater extent than seen in untreated CESD fibro-
blasts (Fig. 3A). The increase in ABCA1 protein in response to
LDL loading was also blocked by chloroquine treatment in nor-
mal fibroblasts to a similar degree as non-chloroquine-treated
CESD cells, indicating the importance of lysosomally derived
cholesterol as a regulator of ABCA 1 expression (Fig. 3B). Inter-
estingly, LAL protein levels were also decreased in normal and
CESD fibroblasts following chloroquine treatment (Fig. 3B),
which has been attributed to enhanced secretion of newly syn-
thesized enzyme and/or decreased re-uptake of secreted LAL
(31). Therefore, chloroquine blocks LDL cholesteryl ester
hydrolysis not only by inhibition of LAL activity but also by
reduction of overall LAL enzyme level within the cell. Efflux of
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FIGURE 1. Reduced expression of ABCAT and ABCGT1 in response to LDL loading in CESD fibroblasts. Normal (NL1 and NL2) and CESD (CD1 and CD2)
fibroblasts were grown to confluence in DMEM containing 5% LPDS and then incubated in the presence (+) or absence (—) of DMEM containing 50 wg/ml LDL
for 24 h. A, RNA extracts were analyzed by quantitative real time PCR using primers targeting human ABCAT1 (A), ABCGT (B), and m-cyclophilin. Results are the
mean fold increase in ABCAT mRNA with LDL loading corrected for cyclophilin expression (A) or the fold increase in ABCGT mRNA relative to NL1-LDL control,
corrected for cyclophilin expression =+ S.D. of three replicates, and are representative of three experiments with similar results (B). C, cells lysates were analyzed
by SDS-PAGE and Western blot using polyclonal antibodies for human ABCAT and protein-disulfide isomerase (PDI) loading control. D, Western blots were
analyzed by densitometry and results expressed as the mean of ABCA1:protein-disulfide isomerase ratio = S.D. for four experiments with NL1-LDL sample ratio

setas 1. * values less than NL1 or NL2, p < 0.01.

LDL-derived cholesterol to apoA-I was abolished in normal
cells following chloroquine treatment before and during deliv-
ery of [?H]cholesteryl linoleate-labeled LDL to cells (Fig. 3C).
Chloroquine treatment also resulted in accumulation of
[®H]cholesteryl esters and reduction of cellular unesterified
[®H]cholesterol in normal fibroblasts, to similar levels as those
seen in non-chloroquine-treated CESD cells, confirming the
inhibition of LDL-cholesteryl ester hydrolysis by chloroquine
(data not shown). Therefore, the metabolic phenotype of
impaired ABCAI regulation and cellular cholesterol efflux to
apoA-I observed in CESD fibroblasts could be recapitulated by
pharmacological inhibition of LAL in normal fibroblasts, indi-
cating that LAL deficiency is the reason for the impaired
ABCAI regulation observed in CESD fibroblasts.

LXR Agonist Corrects ABCA1 Expression but Fails to Correct
ApoA-I-mediated Cholesterol Efflux in CESD Fibroblasts—W'e
and others have previously reported that treatment with the
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LXR agonist TO901317 corrects ABCAI expression and
apoA-I-mediated cholesterol efflux (8, 32), and it reduces
lysosomal cholesterol accumulation (8) in NPC1-deficient
human fibroblasts. As found in NPC1-deficient cells, LXR
agonist treatment corrected ABCA1 expression in CESD
cells to similar (mRNA) or greater (protein) levels than seen
in non-LXR agonist-treated normal fibroblasts (Fig. 4, A and
B). Efflux of radiolabeled LDL-derived cholesterol to apoA-I,
however, although increased in normal fibroblasts, was not
corrected to the same level in CESD fibroblasts compared
with untreated normal fibroblasts (Fig. 4C). These results
suggest that although ABCA I expression can be corrected in
CESD fibroblasts, the residual deficiency of LAL activity is
not overcome with this treatment, resulting in a persistent
reduction of substrate unesterified cholesterol from late
endosomes and lysosomes for ABCA1-mediated cholesterol
efflux.
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FIGURE 2. Reduced phospholipid and cholesterol efflux to apoA-I from CESD fibroblasts. Normal (NL1 and NL2) and CESD (CD1 and CD2) fibroblasts were
grown to confluence in DMEM containing 5% LPDS and then in DMEM containing 5 uCi/ml [*H]choline-chloride and 50 wg/ml LDL for 24 h (A and B), 50 g/ml
[*Hlcholesteryl-linoleate LDL (C-E), or 50 ug/ml LDL (F-H), followed by further incubation with DMEM in the presence (+) or absence (—) of 10 ug/ml apoA-|
for 24 h or the indicated time points. The radioactivity of the medium was counted directly by liquid scintillation counting (C) or following lipid extraction (A and
B). Medium and cellular lipid extracts were separated by thin layer chromatography, and radioactivity was measured in phosphatidylcholine (A) and sphingo-
myelin (B) spots, or cholesteryl ester (CE) (D) and unesterified cholesterol (UC) (E) spots. Total lipids were extracted from medium (F) and cells (G and H), and
unesterified cholesterol (F and H) and cholesteryl ester mass (G) were determined by gas chromatography and mass spectrometry. Results are each represen-
tative of three experiments with similar results. *, values less than (A-C and E and F) or greater than (D and G) NL1 or NL2 controls, p < 0.05.

Rescue of ABCAI Expression and ApoA-I-dependent Choles-
terol Efflux in CESD Fibroblasts Treated with LAL-containing
Medium—Our data indicate that hydrolysis of endocytosed
LDL cholesteryl esters by LAL is required for normal regulation
of ABCA1 expression and activity and that the impaired
ABCA1 expression and lipid efflux phenotype of CESD cells can
be reproduced by inhibiting LAL activity in normal fibroblasts.
Restoration of LAL activity would therefore be expected to cor-
rect the impaired ABCA1 expression and lipid efflux defects in
CESD cells. Functional LAL enzyme is known to be secreted
from human fibroblasts and is re-internalized via the mannose
6-phosphate receptor pathway for specific targeting to late
endosomes/lysosomes (28, 33). The Goldstein and Brown lab-
oratory has previously shown that conditioned medium from
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normal human fibroblasts can rescue the hydrolysis of LDL
cholesteryl esters and restore normal cholesterol regulatory
responses, including suppression of HMG-CoA reductase and
stimulation of cholesterol re-esterification in CESD fibroblasts
(17). We adapted this method to determine whether we could
also rescue ABCA1 expression and lipid efflux in these cells.
Normal and CESD fibroblasts were grown to confluence in
LPDS, followed by an additional 24-h incubation in medium
obtained from a 24-h incubation of normal fibroblasts (condi-
tioned medium). Cells were then loaded with unlabeled or
radiolabeled LDL for 24 h prior to determination of ABCA1
expression and cholesterol efflux to apoA-I. Conditioned
medium from normal cells restored the LDL-induced increase
in ABCAI mRNA in CD1 and CD2 fibroblasts up to the same
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FIGURE 3. Chloroquine blocks up-regulation of ABCAT1 in response to LDL loading and apoA-I-mediated cholesterol efflux in normal fibroblasts.
Normal (NL1) and CESD (CD1 and CD2) fibroblasts were grown to confluence in LPDS. Cells were treated * 50 um chloroquine (CQ) for 1 h prior to and during
a 24-h incubation =+ 50 pg/ml LDL (A and B) or 50 ug/ml [*H]cholesteryl-linoleate LDL (C). A, cellular RNA extracts were analyzed by quantitative real time PCR
as described in Fig. 1. B, cell lysates were collected and analyzed by Western blot as described in Fig. 1. C, radioactivity of the medium and cell lipid extracts was
determined as in Fig. 2, and results are expressed as the percent of total medium and cell unesterified [*H]cholesterol plus cell [*Hlcholesteryl ester. Values are
the mean = S.D. of triplicates and are representative of three experiments with similar results. *, values less than non-chloroquine-treated and LDL-loaded NL1

controls, p < 0.05.

level seen in conditioned medium-treated normal fibroblasts
(Fig. 5A). ABCAL protein levels were also increased in both
CESD cell lines in response to LDL loading following treatment
with conditioned medium (Fig. 5B). No change was observed in
ABCA1 mRNA or protein when CD1 or CD2 fibroblasts were
treated with conditioned medium from either CESD cell line
(data not shown). A similar increase in ABCA 1 expression was
observed upon treatment of CESD fibroblasts with purified
rhLAL (supplemental Fig. 14). Conditioned medium treatment
also corrected LDL-derived cholesterol efflux to apoA-Iin both
CESD cell lines by ~3.5-fold, when compared with nontreated
cells, to levels similar to those seen in normal fibroblasts
untreated or treated with conditioned medium (Fig. 5C). In
addition, conditioned medium reduced cell cholesteryl esters
and raised cell unesterified cholesterol radiolabel in CESD cells
to levels similar to those found in normal cells with or without
conditioned medium treatment (Fig. 5, D and E). Similarly,
treatment of CESD fibroblasts with 1.2 ug/ml rhLAL also res-

30630 JOURNAL OF BIOLOGICAL CHEMISTRY

cued cellular levels of cholesteryl esters and unesterified cho-
lesterol to normal levels and normalized apoA-I-dependent
efflux of LDL-derived [*H]cholesterol (supplemental Fig. 1,
B-D). These results indicate LAL in the conditioned medium
and rhLAL were internalized and targeted correctly to late
endosomes/lysosomes to restore LDL cholesteryl ester hydro-
lysis and cholesterol homeostasis as determined by ABCA1
expression and activity.

Impaired HDL Particle Formation by CESD Fibroblasts and
Correction by Treatment with Conditioned Medium from Nor-
mal Cells—We previously reported areduction in generation of
a-migrating HDL species in apoA-I efflux medium of NPC1-
deficient cells and in the plasma of a patient with NPC1 disease,
using two-dimensional gel electrophoresis of HDL particles (8).
We also found a correction of a-HDL formation following LXR
agonist treatment in NPC1 disease cells (8). To correlate our
findings of reduced ABCA1 expression and apoA-I-dependent
phospholipid and cholesterol efflux from CESD fibroblasts with
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FIGURE 4. LXR agonist up-regulates ABCA1 expression but fails to correct apoA-I-specific cholesterol efflux in CESD fibroblasts. Normal (NL1) and CESD
(CD1 and) fibroblasts were grown to confluence in DMEM containing 5% LPDS and then incubated with DMEM containing 50 ug/ml LDL (A and B) or 50 wg/ml
[PHlcholesteryl-linoleate LDL (C) in the presence (+) or absence (—) of 5 um TO901317 for 24 h. ABCAT mRNA expression was quantified (A), and cell lysates were
analyzed by Western blot (B) as described in Fig. 1. C, following LDL and LXR agonist incubation, cells were further incubated with DMEM containing 10 pg/ml
apoA-I for 24 h, and radioactivity of the medium and cell lipid extracts was determined as in Fig. 2. Results are expressed as the percent of total (medium and
cell unesterified [*H]cholesterol plus cell Isgb]*H]cholesteryl ester); mean =+ S.D. are of triplicates and are representative of three experiments with similar
results. ¥, values less than non-LXR agonist-treated NL1 cells, p < 0.05. PDI, protein-disulfide isomerase.

the reported low plasma HDL-cholesterol concentrations in
CESD patients (10), we performed two-dimensional gel analysis
of HDL formed in the efflux medium containing 10 ug/ml
apoA-I for 24 h from normal and CESD cells. As seen in NPC1-
deficient fibroblasts (8), medium from both CESD cell lines
showed normal levels of pre-B-HDL but a reduction in forma-
tion of a-HDL particle species following incubation with
apoA-I (Fig. 6, CDI and CD2-CM). Incubation of CESD cells
with conditioned medium from normal fibroblasts to increase
LAL activity restored the level of a-HDL produced by CESD
cells up to levels similar to those seen in normal cells without
CM treatment (Fig. 6, CDI and CD2 +CAM). Similarly, treat-
ment with 1.2 pug/ml rhLAL for 24 h rescued a-HDL particle
formation in the medium of both CESD cell lines to normal
abundance (supplemental Fig. 2).

Impaired LDL-induced Oxysterol Formation in CESD Cells
and Correction by Addition of LAL—Production of endogenous
oxysterols in response to LDL loading is impaired in NPC1- and
NPC2-deficient human fibroblasts (13), providing a reason for
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the impaired regulation of ABCAI in NPC disease (7). The
reduced flux of unesterified cholesterol out of lysosomes in
CESD, plus the ability of an exogenous LXR agonist to correct
ABCA expression in these cells (Fig. 4, A and B), suggests that
endogenous oxysterol generation required for LXR activation
and ABCA1 expression is also impaired in CESD. To test this
hypothesis, we measured the increase in 27-HC mass, the pre-
dominant enzymatically generated oxysterol in fibroblasts (34,
35) and key regulator of HMG-CoA reductase (34) and ABCA 1
(35) expression in response to LDL loading of fibroblasts, fol-
lowing incubation of CESD cells with LDL. The increase in
combined medium and cellular 27-HC mass in response to LDL
loading was less in both CESD cell lines when compared with
normal fibroblasts (Fig. 7). Treatment with conditioned me-
dium from normal cells to provide LAL activity significantly
increased production of 27-HC mass in both CESD cell lines
when compared with nontreated cells, to levels similar to or
higher than LDL-loaded normal fibroblasts (Fig. 7). Addition of
rhLAL also increased 27-HC production by CESD cells
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FIGURE 5. Normal conditioned medium rescues ABCA1 expression and apoA-I-mediated cholesterol efflux in CESD fibroblasts. Normal (NL1) and CESD
(CD1 and CD2) fibroblasts were grown to confluence in DMEM containing 5% LPDS. Fresh medium was applied for 24 h, and the resulting conditioned medium
from normal cells or nonconditioned medium was applied as indicated for 24 h. Cell monolayers were then incubated in DMEM with (+) or without (=) 50
ng/ml LDL (A and B) or 50 ug/ml [*Hlcholesteryl-linoleate LDL (C-E) for 24 h. ABCAT mRNA expression was quantified (A), and cell lysates were analyzed by
Western blot (B) as described in Fig. 1. Cells were incubated with 10 ug/ml apoA-I for 24 h and [*Hlcholesterol in the medium, and cell lipid extracts were
determined as in Fig. 2. Results indicate the percent of total [*H]cholesterol in the medium (C), cell cholesteryl ester (CE) (D), or cell unesterified cholesterol (UC)
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FIGURE 6. Reduced a-HDL particle formation by CESD fibroblasts is res-
cued following treatment with normal fibroblast conditioned medium.
Fibroblasts were treated as in Fig. 5 with or without conditioned medium
(CM) from normal fibroblasts. Efflux medium following a subsequent 24-h
incubation with 10 ug/ml apoA-l was concentrated to 0.1 volume, and 20 ul
of each sample was run in the first dimension on 0.75% agarose, separated in
the second dimension on a 5-23% nondenaturing polyacrylamide gradient
gel, and analyzed by Western blot using a rabbit polyclonal antibody to
human apoA-I. Boxed areas represent a-HDL particles. Blots are representa-
tive of three experiments with similar results.

(supplemental Fig. 3), suggesting the correction of ABCA1l
expression and activity under this condition was due to endog-
enously produced rather than exogenous oxysterol. These
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results provide the first demonstration of reduced oxysterol
production in CESD fibroblasts, and further evidence that the
impaired flux of cholesterol out of lysosomes and the conse-
quent reduction in oxysterol formation is responsible for the
impaired regulation of ABCAI and HDL formation in CESD.

DISCUSSION

The studies presented here provide several additional lines of
evidence that the rate of flux of cholesterol out of lysosomes is a
key regulator of ABCA1 expression and activity and therefore
HDL particle formation. Human CESD fibroblasts with very
low residual activity of LAL and slowed rate of hydrolysis of
cholesteryl esters in late endosome/lysosomes exhibited a
marked decrease in LDL-stimulated expression of ABCA1 at
the mRNA and protein level, resulting in impaired ABCA1-de-
pendent phospholipid and cholesterol efflux to apoA-I, and
reduced production of larger a-HDL particles. Treatment of
normal fibroblasts with chloroquine to inhibit LAL activity
induced the same defects in LDL-stimulated increases in
ABCA1 expression and cholesterol efflux to apoA-I as seen in
the CESD cells. Treatment of CESD cells with LAL-containing
conditioned medium from normal cells or purified recombi-
nant human LAL corrected cholesteryl ester hydrolysis,
ABCA1 expression, cholesterol efflux to apoA-I, and formation
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FIGURE 7. Reduced 27-hydroxycholesterol mass in CESD cells and correc-
tion following treatment with normal fibroblast conditioned medium.
Normal (NL1) and CESD (CD1 and CD2) fibroblasts were treated as in Fig. 5,
either with (+) or without (—) conditioned media (CM). Lipids from cells and
media were extracted, and the pooled lipid fractions were separated by gas
chromatography, and the mass of 27-HC quantified as described under
“Experimental Procedures.” Results represent the difference between LDL
loading (+LDL) and non-LDL-loaded controls; means =+ S.D. are of triplicates
and are representative of two experiments with similar results. *, values sig-
nificantly greater than non- conditioned medium-treated cells, p < 0.05.

of a-HDL particles to levels similar to those seen in normal
fibroblasts. Formation of the key oxysterol formed in response
to LDL loading in fibroblasts, 27-hydroxycholesterol, was
reduced in CESD fibroblasts, consistent with reduced ABCG1
as well ABCAI expression in these cells. 27-HC formation was
increased upon addition of LAL-containing medium to correct
cholesteryl ester hydrolysis. Together with our previous find-
ings using cells from patients with the lysosomal cholesterol
storage disorder NPC1 disease (7, 8), these results demonstrate
further the critical role of the rate of flux of cholesterol out of
late endosomes/lysosomes in regulating ABCAI expression
and HDL particle formation. They also provide the first likely
explanation for the low plasma HDL-C seen in CESD patients,
impaired regulation of ABCAI.

In both NPC1 disease and CESD, previous studies using cul-
tured fibroblasts showed that the reduced rate of release of
unesterified cholesterol from late endosomes/lysosomes leads
to impaired down-regulation of HMG-CoA reductase and LDL
receptor activity and therefore inappropriately high levels of de
novo cholesterol synthesis and LDL uptake (11, 36). Reduced
trafficking of unesterified cholesterol to the endoplasmic retic-
ulum also results in reduced levels of cholesterol esterification
by acyl-CoA:cholesterol acyltransferase in both diseases (11,
37). At the same time, our previous work (7, 8) and this study
suggest the low rate of cholesterol egress from lysosomes and
oxysterol generation in both these diseases results in reduced
ABCA1 expression and HDL particle formation. Fibroblasts
from NPC1 and CESD patients therefore fail to sense the accu-
mulation of excess cholesterol in late endosomes/lysosomes
and to up-regulate ABCA I appropriately in response to choles-
terol loading, thereby resulting in impaired HDL formation.

27-HC has been shown to be the predominant oxysterol
formed and primary regulator of both HMG-CoA reductase
and ABCAI expression in response to LDL or acetylated LDL
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loading in human fibroblasts and other cell types (34, 35). The
reduced generation of 27-HC in NPC disease (13) and in CESD
cells in response to LDL loading found in this study is striking
also in demonstrating the key role of lysosomally derived cho-
lesterol in the formation of this key regulatory oxysterol
required for ABCA1 expression. Despite increased HMG-CoA
reductase activity and de novo cholesterol synthesis in both
CESD and NPC disease cells (11, 36), newly synthesized choles-
terol is apparently not contributing a significant pool of choles-
terol or regulatory oxysterols affecting ABCAI expression.
Although synthesis of 24(S),25-epoxycholesterol has been
shown to increase coordinately with de novo cholesterol syn-
thesis via HMG-CoA reductase (38), synthesis of this oxysterol
is apparently not enough to impact ABCAI expression in the
face of reduced flux of cholesterol out of lysosomes. Further
demonstration of the specific and critical role of lysosomally
derived cholesterol in regulating ABCA 1 expression was seen in
our experiments using chloroquine, where levels of ABCAI
mRNA were reduced to near zero in cells pretreated with lipo-
protein-deficient serum or following LDL loading (Fig. 3A).

Treatment of CESD cells with the non-oxysterol LXR agonist
TO-901317 increased ABCA1 mRNA and protein levels up to
either normal or higher levels than those seen in untreated nor-
mal fibroblasts (Fig. 4, A and B). In contrast to our previous
findings of complete correction of apoA-I-mediated choles-
terol efflux and HDL particle formation in NPC1-deficient
fibroblasts treated with this LXR agonist (8), CESD cells showed
a persistent reduction in apoA-I-mediated cholesterol efflux
(Fig. 4C). These results suggest that treatment with this agonist
and increased expression of ABCAI can bypass a deficiency in
NPC1 activity to induce mobilization of lysosomal (unesteri-
fied) cholesterol, but it cannot overcome the deficiency in LAL
activity and reduced LDL cholesteryl ester hydrolysis in CESD
cells. These results also support the conclusion of previous
studies (39, 40) that lysosomally derived cholesterol forms a
significant fraction of the substrate pool of cholesterol mobi-
lized by ABCA1 for HDL particle formation.

Our findings that addition of LAL-containing conditioned
medium from normal fibroblasts or purified LAL rescued
ABCALI expression and activity are consistent with previous
results showing correction of LDL cholesteryl ester hydrolysis
and new cholesteryl ester formation as well as suppression of
HMG-CoA reductase by addition of normal fibroblast condi-
tioned medium to CESD fibroblasts (17). Correction of LDL-
derived radiolabeled cholesteryl ester and unesterified choles-
terol levels in CESD cells to the same levels as seen in normal
fibroblasts (Fig. 5, D and E, and supplemental Fig. 1, C and D)
indicated LAL in the rescue medium was targeted to and active
in late endosomes/lysosomes of the CESD cells. Correction of
LAL activity also resulted in normalization of apoA-I-mediated
cholesterol efflux (Fig. 5C and supplemental Fig. 1B), HDL par-
ticle formation (Fig. 6 and supplemental Fig. 2), and 27-HC
formation (Fig. 7 and supplemental Fig. 3) in the CESD cells.
Although differences in 27-HC production between normal
and CESD cells in the absence or presence of purified LAL
enzyme did not reach significance, the increases in 27-HC pro-
duction by CESD cells treated with both conditioned medium
or purified LAL were sufficient to correct ABCAI expression
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and activity in both cases. These results suggest that the rate of
production of 27-HC, in addition to total 27-HC mass pro-
duced over a 24-h period, is important in correcting ABCA1
expression following normalization of cholesteryl ester hydro-
lysis. This increase in 27-HC formation and correction of the
regulatory defect in ABCAL1 expression and activity by adding
back LAL to CESD cells provides further evidence for reduced
lysosomal cholesteryl ester hydrolysis and flux of unesterified
cholesterol out of the late endosome/lysosome compartment,
and therefore the reduced delivery of this cholesterol to sites of
oxysterol generation, as the reason for impaired ABCAI regu-
lation and HDL formation in CESD.

A striking aspect of both NPC disease and CESD is the low
plasma HDL-C in humans with these disorders (9, 10) but not in
the mouse models of NPC1 and LAL deficiency (41, 42). Previ-
ous studies indicated hepatic ABCAL1 is a critical regulator of
plasma HDL-C in mice (43) and that hepatocyte ABCA1 is not
reduced in NPCI1~/~ mice (44). The absence of low plasma
HDL-C in LAL-deficient mice is consistent with these observa-
tions, because mouse hepatic ABCA1 is reported to be unre-
sponsive to LXR stimulation (45, 46) and would not be expected
to show reduced expression in the face of reduced flux of cho-
lesterol out of lysosomes and oxysterol generation with LAL
deficiency. Human hepatocyte ABCAI, conversely, is respon-
sive to LXR activation in both primary human hepatocytes (47,
48) and HepG2 cells (49, 50). Human hepatocyte ABCA 1 would
therefore be expected to show reduced expression in the face of
reduced LAL (and NPC1) activity and the reduced production
of oxysterol agonist of LXR, which we have demonstrated here
in fibroblasts. These conclusions are consistent with both a
major role of hepatic ABCA1 in predicting plasma HDL-C and
the approximately half-normal HDL-C levels seen in humans
with CESD (10, 51). Additional studies are required to explore
the role of LAL or NPC1 deficiency on human hepatocyte
ABCA1 expression and HDL formation.

In summary, the results presented provide further evidence
that the rate of flux of cholesterol out of late endosomes/lyso-
somes is a critical regulator of the expression of ABCAI and
HDL particle formation, and is not corrected by the increased
de novo cholesterol synthesis seen in cells from patients with
two different diseases of lysosomal cholesterol storage, choles-
teryl ester storage disease and NPC1 disease. These results also
provide the first plausible explanation for the hypoalphalipo-
proteinemia seen in CESD, impaired regulation of ABCA1. We
therefore propose a model for CESD cells where hydrolysis of
cholesteryl esters from endocytosed LDL in late endosomes and
lysosomes is impaired, and there is a reduced rate of unesteri-
fied cholesterol release from these compartments to other
intracellular sites for regulatory effects, including production of
27-HC, and therefore reduced LXR-dependent regulation of
ABCA1. In addition, less unesterified cholesterol is available to
join the substrate pool of ABCA1 for new HDL particle forma-
tion. Although we did not find an up-regulation of ABCA1
expression in normal cells in response to addition of condi-
tioned medium containing LAL, further studies are required to
assess the potential role of LAL as a target to increase ABCAI
expression and HDL formation at the cellular and clinical level.
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