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Both apolipoprotein E (apoE) and 24(S)-hydroxycholesterol are
involved in the pathogenesis of Alzheimer disease (AD). It has been
hypothesized that apoE affects AD development via isoform-spe-
cific effects on lipid trafficking between astrocytes and neurons.
However, the regulation of the cholesterol supply of neurons via
apoE-containing high density lipoproteins remains to be clarified.
‘We show for the first time that the brain-specific metabolite of cho-
lesterol produced by neurons, ie 24(S)-hydroxycholesterol,
induces apoE transcription, protein synthesis, and secretion in a
dose- and time-dependent manner in cells of astrocytic but not of
neuronal origin. Moreover, 24(S)-hydroxycholesterol primes astro-
cytoma, but not neuroblastoma cells, to mediate cholesterol efflux
to apoE. Similar results were obtained using the synthetic liver X
receptor (LXR) agonist GW683965A, suggesting involvement of an
LXR-controlled signaling pathway. A 10-20-fold higher basal
LXRa and -f3 expression level in astrocytoma compared with neu-
roblastoma cells may underlie these differential effects. Further-
more, apoE-mediated cholesterol efflux from astrocytoma cells may
be controlled by the ATP binding cassette transporters ABCA1 and
ABCG], since their expression was also up-regulated by both com-
pounds. In contrast, ABCG4 seems not to be involved, because its
expression was induced only in neuronal cells. The expression of
sterol regulatory element-binding protein (SREBP-2), low density
lipoprotein receptor, 3-hydroxy-3-methylglutaryl-CoA reductase,
and SREBP-1c was transiently up-regulated by GW683965A in
astrocytes but down-regulated by 24(S)-hydroxycholesterol, sug-
gesting that cholesterol efflux and synthesis are regulated inde-
pendently. In conclusion, evidence is provided that 24(S)-hydroxy-
cholesterol induces apoE-mediated efflux of cholesterol in
astrocytes via an LXR-controlled pathway, which may be relevant
for chronic and acute neurological diseases.
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Disturbances in brain cholesterol homeostasis are associated with the
onset of severe neurological diseases (1) and have recently been sug-
gested to play a key role in the development of Alzheimer disease (AD)*
(2, 3). The brain, although composing just 2% of the total body mass,
contains about a quarter of an individual’s whole body unesterified cho-
lesterol. Brain cholesterol originates almost exclusively from iz situ neo-
synthesis (1); circulating cholesterol is prevented from entering the
brain by the blood-brain-barrier (4). Because cholesterol cannot be
degraded and is neurotoxic at high levels, excess cholesterol is secreted
from the brain into the circulation (5). Cholesterol is removed from the
brain predominantly (about 60%) in the form of the relatively polar
brain-specific metabolite, 24(S)-hydroxycholesterol, formed by the
enzyme cholesterol 24(S)-hydroxylase (CYP46) (1). The remaining 40%
of cholesterol is secreted from the brain via an unknown pathway that
may involve apoE (6). CYP46 is expressed predominantly by neurons (7,
8). Several studies have suggested a role for 24(S)-hydroxycholesterol in
the pathogenesis of AD (9-11). Polymorphisms of CYP46 have been
linked to AD, and the expression of this enzyme appeared to be shifted
from neurons to glia in AD patients (12). Finally, increased levels of
24(S)-hydroxycholesterol levels have been detected in cerebrospinal
fluid of AD patients (13).

24(S)-Hydroxycholesterol is a natural ligand of the liver X receptors
(LXR), which have recently been identified as central players in the
regulation of cholesterol metabolism (14, 15). LXR belong to the nuclear
hormone receptor superfamily, and two isoforms, i.e. LXRa and LXRp,
have been identified that are activated by oxysterols. Both isoforms of
LXR are expressed in the central nervous system (16) and are thought to
be involved in the regulation of brain cholesterol metabolism. LXRe/3-
null mice show a variety of central nervous system defects upon aging,
including lipid accumulation, astrocyte proliferation, and disorganized
myelin sheaths (17). The synthetic LXR ligand T0901317 was found to
induce the expression of apoE and of the ATP binding cassette trans-
porters Al (ABCA1) and G1 (ABCG1) in astrocytes (18). However,
reported in vivo effects of T0901317 on apoE expression in mouse brain
are inconsistent (16, 19, 20).

The strongest genetic risk factor known for sporadic AD is apoli-
poprotein E4 (apoE4), one of the three common apoE variants (apoE2,

“The abbreviations used are: AD, Alzheimer disease; HMG, hydroxymethylglutaryl; LDLR,
low density lipoprotein receptor; ABC, ATP binding cassette; DMEM, Dulbecco’s mod-
ified Eagle’s medium; PBS, phosphate-buffered saline; QRT-PCR, real-time quantita-
tive PCR; LXR, liver X receptor.
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apoE3, apoE4) in humans (21, 22). ApoE is a key player in the transport
of cholesterol in the circulation (23) and is also thought to fulfill such a
role within the brain (24). Astrocytes are the predominant source of
apoE in the brain. These cells secrete apoE in association with choles-
terol and phospholipids in the form of small, high density lipoprotein-
like particles (25). It has been suggested that these particles provide
neurons with cholesterol required for the formation of new membranes,
e.g during development, regeneration after injury, or during the forma-
tion of new synaptic contacts (26). It has been hypothesized that apoE
may affect the pathogenesis of AD by isoform-specific effects on lipid
trafficking between astrocytes and neurons (27). Indeed, apoE in com-
bination with cholesterol induces the outgrowth of neurites in an iso-
form-specific manner in neuronal cultures (28). However, factors that
regulate the supply of glial-derived apoE-containing lipoproteins are
poorly understood.

In this study we tested the hypothesis that 24(S)-hydroxycholesterol
represents a natural brain-specific LXR ligand that is involved in the
regulation of the apoE-mediated lipid supply. For this purpose the
effects of 24(S)-hydroxycholesterol and the synthetic LXR agonist
GW683965A on the expression of apoE and additional LXR target genes
involved in cholesterol efflux were compared using human neuroblas-
toma and astrocytoma cell lines as well as primary astrocytes. We found
that 24(S)-hydroxycholesterol, like GW683965A4, is able to induce the
expression of ABCA1, ABCGI, and apoE in astrocytes and to elevate
apoE-mediated cholesterol efflux in astrocytoma but not in neuroblas-
toma cells. Our observations support the hypothesis that 24(S)-hy-
droxycholesterol participates in an LXR-controlled pathway that regu-
lates cholesterol availability in the brain.

EXPERIMENTAL PROCEDURES

Chemical Reagents—24(S)-Hydroxycholesterol was a kind gift from
Dr. D. Lutjohann (Bonn University, Germany), and 22(R)-hydroxycho-
lesterol was a kind gift from Dr. J. Plat (Maastricht University, The
Netherlands). GW683965A was provided by GlaxoSmithKline. The fol-
lowing reagents were purchased from Sigma: 9-cis-retinoic acid, leu-
peptin, aprotinin, phenylmethylsulfonyl fluoride, bovine insulin, human
transferrin, putrescine, sodium selenite, and progesterone. ApoA-I and
apoE were purchased from Calbiochem. Stocks of 24(S)-OH cholesterol
(10 mm), 22(R)-OH cholesterol (10 mm), and cholesterol (10 mm) were
dissolved in ethanol. GW683965A (2 mMm) and 9-cis-retinoic acid (10
mm) were dissolved in dimethyl sulfoxide.

Cell Culture Experiments—The human astrocytoma cell line CCF-
STTGI and human neuroblastoma cell line SH-SY-5Y were purchased
from European Collection of Cell Cultures (Salisbury, UK). CCE-
STTGI1 and SH-SY-5Y cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal calf serum. At 80 —90% conflu-
ency cells were washed with phosphate-buffered saline (PBS) and
treated with different reagents in DMEM/Ham’s F-12 medium (1:1)
with 10% fetal calf serum for various periods of time as indicated.
SH-SY-5Y cells were preincubated for 24 h in the DMEM-Ham’s F-12
(1:1) medium without serum containing the N2 supplement (2.5 mg/ml
bovine insulin, 10 mg/ml human transferrin (iron-saturated), 0.52
png/ml sodium selenite, 1.61 mg/ml putrescine, and 0.63 ug/ml proges-
terone in PBS, pH 7.3). At the end of the treatments conditioned media
were collected, and the cells were either lysed in radioimmune precipi-
tation assay buffer (Santa Cruz, CA), or total RNA was isolated as
described below for subsequent analyses.

The method of rat primary astrocytes culturing was similar to pub-
lished procedures (29, 30). Neonatal (postnatal day 1) Lewis rat pups,
bred in the animal facilities of Maastricht University, were decapitated,
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and the neocortex was dissected and cleared of meninges. The tissue
was diced in small fragments and incubated in trypsin (0.05% in phos-
phate-buffered saline) at 37 °C for 15 min. Trypsinization was stopped
by adding culture medium, and the tissue was gently centrifuged. The
supernatant was discarded, and the pellet was resuspended in 1 ml of
culture medium. Single cell dissociation was achieved by 3-5 passes
through a 5-ml pipette (Greiner, Germany) and 1020 passes through a
1-ml pipette (Greiner). Then the tissue was centrifuged very briefly to
separate cells from tissue debris. The supernatant containing the cells
was then plated into 25-cm? cell culture flasks (Corning, NY) at a density
of 10° cells per flask. Culture medium was refreshed after 45 days and
every 2 days thereafter. At DIV12 (days in vitro) the cultures reached
confluence, and contaminating cells were shaken off on a rotary shaker
(Rotofix 32, Hettich Zentrifugen). This involves shaking of the flasks for
48 h and refreshment of the medium. At DIV14 the purification is com-
plete and renders >95% glial fibrillary acid protein (GFAP)-immunopo-
sitive astrocyte cultures.

Primary murine mixed glial cultures were prepared from postnatal
day-1-2 C57Bl/6 mice. Brains from individual animals were placed into
ice-cold Hanks’-buffered salt solution (Canadian Invitrogen) containing
6 mg/ml glucose and 10 mm HEPES. Meninges were removed, frontal
cortices were dissected, and cells were dissociated by repeated passage
through a series of wide to fine bored pipettes. Dissociated cells were
plated in DMEM (Invitrogen) with 10% fetal bovine serum, 2 mm L-glu-
tamine (Invitrogen) and 100 units/ml penicillin-streptomycin (Invitro-
gen) at one 24-well plate per mouse. Cells were cultured in the presence
of 5% CO, for 12 days when cells were confluent and contained at least
80% astrocytes. Cells were treated with either vehicle-only (ethanol) or
increasing concentrations of 24(S)-hydroxycholesterol for 24 h. Subse-
quently, cells were washed once with phosphate-buffered saline, har-
vested, and lysed using a buffer containing 10% glycerol, 1% Triton
X-100, and protease inhibitor (Roche Applied Science) in PBS. Protein
concentration was determined by a Dc protein assay (Bio-Rad).

Western Blot Analysis—Cell lysates (25 ug of protein/lane) or condi-
tioned media concentrates (concentrated using Microcon’ centrifugal
filter device, Millipore, Billerica, MA) were subjected to dodecyl sul-
fate-10 (SDS) or 12% PAGE and then transferred to Protran nitrocellu-
lose transfer membranes (Schleicher & Schuell) or to polyvinylidene
membranes (Millipore). After blocking with 5% nonfat dry milk (Proti-
far-plus, Nutricia Netherland B.V.) in washing buffer (PBS with 0.5%
Triton-X100), the membranes were incubated with antibodies against
human apoE (1:500, DAKO A/S, Denmark), murine apoE (Santa Cruz),
human glutamine synthetase (1:500, BD Transduction Laboratories),
glyceraldehyde-3-phosphate dehydrogenase (Chemicon), or a mono-
clonal anti-ABCA1 antibody raised against the second nucleotide bind-
ing domain (NBD2 of ABCA1) (31) overnight at 4 °C. The membranes
were then incubated with peroxidase-conjugated secondary antibodies,
after which the results were visualized using ECL reagents (Amersham
Biosciences) and autoradiography (LAS 3000, Fuji Photo Film Co., Ltd.,
Japan). Bands were quantitated by densitometry using NIH Image J.

RNA Isolation and Real-time Quantitative PCR (QRT-PCR)
Procedures—Total RNA was isolated using the Trizol method (Invitro-
gen) according to the manufacturer’s instructions. Integrity of RNA was
checked by agarose gel electrophoresis, and RNA concentration was
measured spectrophotometrically (NanoDrop, Witec AG, Littau, Ger-
many). Real-time quantitative PCR was performed using an Applied
Biosystems 7700 sequence detector with 1.6.3 software (PerkinElmer
Life Sciences) as previously described (32) with modifications (33).
Primer sequences are available upon request. Primers were obtained
from Invitrogen. Fluorogenic probes labeled with 6-carboxyfluorescein
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FIGURE 1. Concentration-dependent effect of 24(S)-hydroxycholesterol (Chol) on
apoE mRNA levels in CCF-STTG1 and SH-SY-5Y cells and primary rat astrocytes.
Cells were incubated with increasing concentrations of 24(S)-hydroxycholesterol and 4
um GW683965A compound for a period of 72 h. Total RNA was prepared from cells.
Expression levels of apoE in astrocytoma and neuroblastoma cells (A) and rat primary
astrocytes (B) were determined by QRT-PCR and expressed as relative gene expression to
18 S. Values represent the mean = S.D.,n = 4 in all groups.

(FAM) and 6-carboxytetramethylrhodamine (TAMRA) were made by
Eurogentec (Seraing, Belgium).

Efflux Studies—CCF-STTG1 or SH-SY-5Y cells were cultured in
DMEM/Ham’s F-12 medium (1:1) supplemented with 10% fetal calf
serum. After washing with DMEM/Ham’s F-12 medium (1:1), cells were
loaded with 30 wg/ml [*H]cholesterol (38 Ci/mmol) in DMEM/Ham'’s
F-12 medium (1:1) supplemented with 10% fetal calf serum for 24 h in
the presence or absence of 24(S)-hydroxycholesterol or GW683965A.
After cells were washed 5 times with PBS-bovine serum albumin 0.2%
(w/v), the efflux assay was started by adding 2.5 ug/ml apoE or 5 ug/ml
apoA-I in DMEM/Ham’s F-12 medium (1:1) to the wells. After 20 h of
incubation at 37 °C, the medium was collected and centrifuged. Subse-
quently, [*H]cholesterol was quantified in the supernatant by liquid
scintillation counting. Total cellular [*H]cholesterol was determined
after extraction of the cells with 2-propanol. The percentage efflux was
calculated by dividing the radioactive counts in the efflux medium by
the sum of the counts in the medium and the cell extract.

Statistical Analysis—Values are presented as the mean * S.D. Statis-
tical significance was determined by comparing means using an
unpaired the Student’s ¢ test, the Mann-Whitney U test, and one-way
analysis of variance with Newman-Keul’s post-test. A value of p < 0.05
was considered statistically significant.

RESULTS

The Natural LXR Ligand 24(S)-Hydroxycholesterol Induces ApoE
Gene Expression and Protein Levels in Astrocytoma Cells and in Primary
Astrocytes but Not in Neuroblastoma Cells—To determine the effect of
the natural LXR ligand 24(S)-hydroxycholesterol on apoE expression in
astrocytoma and neuroblastoma cells and in primary astrocytes, cells
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FIGURE 2. Time-dependent effect of 24(S)-hydroxycholesterol (Chol) and
GW683965A on apoE and SREBP1c expression in CCF-STTG1 cells. Cells were incu-
bated in the presence of 10 um 24(S)-hydroxycholesterol (@) or 4 um GW683965A (O) for
increasing periods of time. Total RNA was prepared from cells. Expression levels of apoE
(A) and SREBP1c (B) were determined by QRT-PCR and expressed as relative gene expres-
sion to 18 S. Representative examples of three independent experiments are shown.

were incubated with increasing amounts of the compound. We found
that the incubation with 24(S)-hydroxycholesterol resulted a dose-de-
pendent increase of APOE mRNA levels in astrocytoma cells (CCE-
STTGI) but failed to induce APOE expression in neuroblastoma cells
(SH-SY-5Y) even after 72 h of incubation (Fig. 14). The synthetic LXR
agonist GW683965A (4 um) also clearly induced APOE expression in
astrocytoma cells but not in neuroblastoma cells (Fig. 1A4), strongly sug-
gesting that 24(S)-hydroxycholesterol exerts its effects via the LXR
pathway. Importantly, 24(S)-hydroxycholesterol also induced APOE
gene expression in primary rat astrocytes in a dose-dependent manner
(Fig. 1B), supporting the physiological relevance of this process.

The induction of APOE expression (Fig. 2A4) by 24(S)-hydroxycho-
lesterol and GW683965A in astrocytoma cells also appeared to be
time-dependent, with strong induction already occurring after 24 h
and a steady increase up to 72 h of incubation. The established LXR
target gene SREBP-1c was also induced by both compounds but
displayed a different induction profile compared with apoE (Fig. 2B).
The expression of APOD, another LXR-target gene that has been
suggested to compensate cholesterol transport functions in the
absence of APOE (34), was not affected by the natural or synthetic
LXR ligand in either cell line (data not shown). Next we determined
if induction of APOE mRNA up-regulation resulted in increased
protein levels. As shown in Fig. 34, cellular apoE protein levels in
astrocytoma cells were also clearly up-regulated by 24(S)-hydroxy-
cholesterol in a concentration-dependent manner. Upon incubation
of the cells for increasing periods of time in the presence of 10 um
24(S)-hydroxycholesterol, apoE protein levels increased up to 48 h
and remained fairly constant thereafter up to 72 h (Fig. 3B). Similar
to 24(S)-hydroxycholesterol, the synthetic LXR agonist GW683965A
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FIGURE 3. 24(S)-Hydroxycholesterol (Chol) and GW683965A increase apoE protein levels and apoE secretion in CCF-STTG1 cells. 24(S)-hydroxycholesterol up-regulates apoE
protein levels in murine primary glial cultures. CCF-STTG1 cells were treated either with increasing concentrations of 24(S)-hydroxycholesterol (A) and GW683965A (C) for a period of
72 h or with 10 um 24(S)-hydroxycholesterol (B) and 4 um GW683965A (D) for increasing periods of time. Conditioned medium was collected after the treatment of CCF-STTG1 cells
with different concentrations of 24(S)-hydroxycholesterol and GW683965A for a period of 48 h (E). Murine primary glial cultures were treated with increasing concentrations of
24(S)-hydroxycholesterol for 24 h (). Cell lysates and medium concentrates were subjected to Western blot analysis as described under “Experimental Procedures.” ApoE expression
was measured using a polyclonal antibody against apoE. Bands were quantified by densitometry, normalized to glutamine synthetase (GS) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Representative experiments of at least three independent experiments are shown.

increased apoE protein levels in astrocytoma cells in a concentration- and
time-dependent manner (Fig. 3, C and D). Secretion of apoE by astrocy-
toma cells into the medium was also strongly induced by 24(S)-hydroxy-
cholesterol and GW683965A in a concentration-dependent manner
(Fig. 3E). 24(S)-Hydroxycholesterol also up-regulated cellular apoE pro-
tein levels in murine primary mixed glial cultures containing >80%
astrocytes (Fig. 3F), further substantiating our findings.

Because differences in expression of LXRs may underlie the differen-
tial effects of 24(S)-hydroxycholesterol and GW683965A in the two cell
types, we next determined their basal expression levels. Significantly
higher mRNA levels of LXRa and LXRB were found in astrocytoma
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cells compared with neuroblastoma cells (Fig. 4). Also SREBP-1c, an
established LXR target gene involved in cholesterol and fatty acid
metabolism (35), was expressed predominantly in astrocytoma cells. In
contrast, mRNA levels of SREBP-2, another transcription factor
involved in control of cholesterol metabolism, were similar in both cells
types (Fig. 4A4). Primary rat astrocytes also displayed a similar transcrip-
tion profile for these genes (Fig. 4B).

24(S)-Hydroxycholesterol Is a Stronger Regulator of Intracellular
ApoE Protein Levels in Astrocytoma Cells than Retinoic Acid and Free
Cholesterol—24(S)-Hydroxycholesterol was compared with other nat-
ural LXR/retinoid X receptor (RXR) ligands with respect to its effect on
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FIGURE 4. Comparison of the basal expression of apoE, LXRa, LXRS, SREBP1¢, and
SREBP-2 in CCF-STTG1 and SH-SY-5Y cells and in rat primary astrocytes. Cells were
incubated for 72 h in DMEM/Ham'’s F-12 (1:1) medium containing 10% fetal calf serum.
Total RNA was prepared from cells. Expression levels of apoE, LXRe, LXRB, SREBP1¢, and
SREBP2 in CCF-STTG1 and SH-SY-5Y cells (A) and rat primary astrocytes (B) were deter-
mined by QRT-PCR and expressed as relative gene expression to 18 S. Values represent
the mean = S.D., n = 4 in all groups. The Mann-Whitney U test was used to determine
significant differences in gene expression. The asterisk represents p < 0.01.

intracellular apoE levels. In accordance with the observation that brain
apoE is predominantly synthesized by astrocytes (36, 37), we observed
that the basal expression of the APOE gene in astrocytoma cells was
substantially higher than in neuroblastoma cells (Fig. 4A). In astrocy-
toma cells, 24(S)-hydroxycholesterol and GW683965A are as potent as
22(R)-hydroxycholesterol in inducing intracellular and secreted apoE
and were considerably more effective than retinoic acid or free choles-
terol (Fig. 5, A and C). Neither 24(S)-hydroxycholesterol nor
GW683965A or any of the other LXR/retinoid X receptor (RXR) ago-
nists affected apoE synthesis in neuroblastoma cells (Fig. 5B), demon-
strating that LXR-mediated up-regulation of apoE synthesis and secre-
tion is a pathway specific to astrocytes.

24(S)-Hydroxycholesterol and GW683965A Regulate the Expression
of ABC Transporters and Other Genes Related to Cholesterol Metabo-
lism in a Cell Type-specific Manner— ABCA1, ABCG1, and ABCG4 are
transporters of cholesterol and/or phospholipids from cells to extracel-
lular acceptors that may also be involved in intercellular lipid transport
within the brain (38, 39). Because all three transporters have been iden-
tified as LXR target genes present in the brain (40, 41), we examined the
effects of 24(S)-hydroxycholesterol and GW683965A on their expres-
sion. The results presented in Fig. 6A show that basal expression of
ABCGI mRNA was comparable in astrocytoma cells and in neuroblas-
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FIGURE 5. 24(S)-Hydroxycholesterol is a stronger regulator of apoE synthesis in
CCF-STTG1 cells than retinoic acid and cholesterol. Shown are Western blot analyses
of CCF-STTG1 (A) and SH-SY-5Y (B) cell lysates and conditioned medium from CCF-STTG1
cells (C) that were incubated for 72 h in the presence of either 10 um 24(S)-hydroxycho-
lesterol, 22-(R)-hydroxycholesterol, 9-cis-retinoic acid, free cholesterol (FCl), or 4 um
GW683965A. Bands were quantified by densitometry, normalized to glutamine synthe-
tase (GS) and glyceraldehyde-3-phosphate dehydrogenase (GADPH). Representative
experiments are shown; at least three independent experiments were performed for all
conditions. DMSO, Me,SO.

toma cells. The relative expression of ABCA1 mRNA was higher than
that of ABCG1 and also 3-fold higher in neuroblastoma than in astro-
cytoma cells. Likewise, the basal relative expression of ABCG4 mRNA
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FIGURE 6. Effect of 24(S)-hydroxycholesterol (Chol) and GW683965A on mRNA levels of ATP binding cassette transporters in CCF-STTG1 and SH-SY-5Y cells and rat primary
astrocytes. This panel represents a basal gene expression of ATP binding cassette transporters in CCF-STTG1 and SH-SY-5Y cells (A) and in rat primary astrocytes (B). Total RNA was
prepared from the cells as described under “Experimental Procedures.” Gene expression relative to 18 S was determined by QRT-PCR. The Mann-Whitney U test was used to determine
significant differences in gene expression. An asterisk indicates that p < 0.01. Astrocytoma and neuroblastoma cells (C, F, and H) and rat primary astrocytes (D, G, /) were incubated for
72 h in the presence of 1, 5, or 10 um 24(S)-hydroxycholesterol or in the presence of 4 um GW683965A. Total RNA was prepared from the cells as described under “Experimental
Procedures.” Gene expression of ABCA1 (C and D), ABCG1 (F and G), and ABCG4 (H and /) relative to 18 S was determined by QRT-PCR. Protein levels of ABCAT in whole lysates of
primary mixed glial cultures treated with increasing concentrations of 24(S)-hydroxycholesterol for a period of 24 h were determined by Western blot and quantified by
densitometry. Intracellular glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal protein loading control (E). Data represent the mean and S.D. of

cellular ABCA1 levels. One-way analysis of variance with Newman-Keul’s post-test was used to determine significant differences (the asterisk represents p < 0.01 compared

with vehicle-only).

was significantly higher in SH-SY-5Y cells than in astrocytoma cells (Fig.
6A). A pattern of relative ABC transporter expression similar to that in
astrocytoma cells was found in primary rat astrocytes (Fig. 6B) Incuba-
tion with 24(S)-hydroxycholesterol resulted in a dose-dependent up-
regulation of the expression of ABCA1 mRNA in astrocytoma, in neu-
roblastoma cells (Fig. 6C), and in primary astrocytes (Fig. 6D). In
contrast, GW683965A induced ABCA1 mRNA only in astrocytoma
cells and rat primary astrocytes (Fig. 6, C and D). Furthermore, 24(S)-
hydroxycholesterol increased ABCAL1 protein levels in murine primary
glia (Fig. 6E).

ABCG1 mRNA was strongly induced by both 24(S)-hydroxycholes-
terol and GW683965A in astrocytoma cells (Fig. 6F), and primary astro-
cytes also demonstrated a significant induction of ABCG1 mRNA (Fig.
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6G). In contrast, ABCG1 was unresponsive to either compound in neu-
roblastoma cells (Fig. 6F). Interestingly, ABCG4 was slightly up-regu-
lated by 24(S)-hydroxycholesterol but not by GW683965A in neuro-
blastoma cells, whereas this gene was not affected or even slightly down-
regulated in astrocytoma cells and in primary astrocytes (Fig. 6, H and ]).
Effects of 24(S)-hydroxycholesterol and GW68395A on the expression
of the ABC transporters mentioned were maximal at 24 h of incubation
in astrocytoma cells (data not shown).

Next we determined the effect of 24(S)-hydroxycholesterol or
GW683965A on mRNA levels of other genes involved in cholesterol
and/or fatty acid metabolism. Incubation of astrocytoma cells with
24(S)-hydroxycholesterol resulted in a transient down-regulation of
SREBP-2, LDLR, and HMG-CoA reductase mRNA levels. In contrast,

VOLUME 281+NUMBER 18-MAY 5, 2006

/T0Z ‘e Afenuer uo usbuluois) Jo AiseAIUN e /610°-0q [ mmm/:diy woly papeojumoq


http://www.jbc.org/

24(S)-Hydroxycholesterol Regulates ApoE Metabolism in Brain

un
)

=O= GW6BI965A
—8— 24(5)-OH-Chol

L=
1

L]
L

L]
1

|

Relative SREBP-2 expression/18S

0 L] L] 1
0 24 48 72
B z*
£4-
Z
g
231
o
227
[
£
=
Hd
zol Ll T 1
0 24 48 72

e

Relative HMGCoA-R
expression/18S

/

0 24 48 72
Time (hours)

[ 5] [*] =
" L "

—
La

=

FIGURE 7. Time-dependent effect of 24(S)-hydroxycholesterol and GW683965A on
expression of SREBP2 (A), LDLR (B), HMG-CoA reductase (C) in CCF-STTG1 cells.
CCF-STTG1 cells were incubated in the presence of 10 um 24(S)-hydroxycholesterol (@)
or 4 um GW683965A (O) for increasing periods of time. Total RNA was prepared from
cells, and gene expression relative to 185 was determined by QRT-PCR.

GW683965A induced a transient increase in the expression of these
genes with a maximal effect at 24 h (Fig. 7). SR-BI expression in astro-
cytoma cells was not affected by either compound (data not shown).
Additionally, neither 24(S)-hydroxycholesterol nor GW683965A
detectably affected the expression of SREBP-2, HMG-CoA reductase,
and LDLR in neuroblastoma cells (data not shown).

24(S)-Hydroxycholesterol Enhances ApoE- and ApoA-I-mediated
Cholesterol Efflux from Astrocytoma Cells, whereas Only the ApoA-I-
mediated Cholesterol Efflux from Neuroblastoma Is Enhanced—We
observed that basal cholesterol efflux from astrocytoma cells was higher
than from neuroblastoma cells (~4% compared with 0.5%, respectively;
Fig. 8). The addition of 24(S)-hydroxycholesterol induced apoE- and
apoA-I-mediated cholesterol efflux from astrocytoma cells to equiva-
lent levels (Fig. 84), and similar effects were observed with synthetic
LXR agonist GW683965A. Interestingly, neither compound affected
apoE-mediated cholesterol efflux from neuroblastoma cells (Fig. 8B)
but, rather, specifically induced apoA-I-mediated cholesterol efflux
from neuroblastoma cells (Fig. 8).
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FIGURE 8. 24(S)-Hydroxycholesterol (Chol) and GW683965A induce apoE- and
apoAl-mediated cholesterol efflux from CCF-STTG1 cells but not from SH-SY-5Y
cells. After loading the cells with [*H]cholesterol for 24 h, the apoE- or apoA-l-mediated
cholesterol efflux over a period of 20 h from CCF-STTG1 cells (A) and SH-SY-5Y cells (B)
was determined. [*H]Cholesterol was quantified in medium and in cell extracts. Values
are the mean * S.D. of three independent experiments, each measured in duplicate.
Student’s t test was used to determine significant differences of cholesterol efflux levels.
The single asterisk represents p < 0.05, and the double asterisk represents p < 0.001.

DISCUSSION

In this paper we addressed the regulation of genes involved in apoE-
mediated cholesterol trafficking between astrocytes and neurons, an
important process during regeneration and synaptic plasticity (25). We
observe that 24(S)-hydroxycholesterol is capable of inducing apoE and
ABC transporter expression in astrocytic cells as well as in primary rat
and murine astrocytes. In contrast, 24(S)-hydroxycholesterol did not
induce expression of these genes in SHSY5Y neuronal cells. Notably,
24(S)-hydroxycholesterol is a natural LXR ligand found in the brain, and
elevated levels of 24(S)-hydroxycholesterol levels are often associated
with neuronal injury. Our results are consistent with a model in which
release of 24(S)-hydroxycholesterol from neurons can induce the secre-
tion of apoE-associated cholesterol from astrocytes. This glial-derived
cholesterol would then be available for neuronal uptake during the
process of dendritic and axonal extension and regeneration of synapses
(26).

Because the potent synthetic LXR agonist GW683965A also induced
apoE, ABCA1, and ABCG1 mRNA expression in astrocyte-derived
cells, our results suggest that 24(S)-hydroxycholesterol mediates its
action through LXR activation. Furthermore, differential expression of
the nuclear hormone receptor LXR isoforms, i.e. LXRe and -3, between
astrocytoma and neuroblastoma cells may also account for the differ-
ence in sensitivity to these agonists between astrocytic and neuronal
cells. Our results suggest that 24(S)-hydroxycholesterol-mediated
induction of ABCG1 and ABCA1 primes the astrocytes to deliver cho-
lesterol to apoE or apoA-I, since their expression was robustly induced

JOURNAL OF BIOLOGICAL CHEMISTRY 12805

/T0Z ‘e Afenuer uo usbuluois) Jo AiseAIUN e /610°-0q [ mmm/:diy woly papeojumoq


http://www.jbc.org/

24(S)-Hydroxycholesterol Regulates ApoE Metabolism in Brain

FIGURE 9. Schematic presentation of the differ-
ential effects in astrocytes and neurons of
24(S)-hydroxycholesterol on the expression of
apoE and ABC transporters expression as well
as apoE-mediated cholesterol efflux. 24(5)-Hy-
droxycholesterol up-regulates apoE synthesis as
well as apoE-mediated cholesterol efflux in astro-
cytes but not in neurons. Up-regulation of ABCA1
and ABCG1 in astrocytes by 24(S)-hydroxycholes-
terol suggests involvement of these transporters
in the efflux of cholesterol. HDL, high density
lipoprotein.

-~

by both compounds. In neuroblastoma cells, neither of the two com-
pounds stimulated apoE-mediated cholesterol efflux, but both com-
pounds induced apoA-I-mediated cholesterol efflux, probably involving
ABCAL actions.

It has been proposed that, after differentiation of astrocytes, neurons
reduce their endogenous cholesterol synthesis and rely predominantly
on cholesterol delivery by astrocytes via lipoprotein-like particles that
contain astroglia-derived apoE (47). Cholesterol delivery may at least in
part participate in regulating the number of synapses formed (42). A
continuous turnover of cholesterol in neurons facilitates cell ability for
efficient and quick adaptation of cholesterol homeostasis required for
dynamic structural changes of neurons, their extensions, and their syn-
apses during synaptic plasticity (43). Conversion of cholesterol into
24(S)-hydroxycholesterol, which is also a brain-specific LXR ligand, by
CYP46 represents a major route for cholesterol turnover in neurons
(44).

A common feature that astrocytes share with macrophages and adi-
pocytes is their large content of free cholesterol (45, 46). In agreement
with what has been reported for macrophages (47), we found that acti-
vation of LXR by 24(S)-hydroxycholesterol or GW683965A stimulates
cellular cholesterol efflux through the coordinated regulation of
ABCA1, ABCGI, and apoE. Some aspects of these pathways may be
specific to astrocytes, however, because apoD was unresponsive to LXR
agonists in astrocytes, whereas it is induced in adipocytes (48).

GW683965A up-regulated the expression of HMG-CoA reductase,
LDLR, and SREBP2 in astrocytoma cells, supposedly to maintain cellu-
lar cholesterol homeostasis during excessive loss by efflux. However,
24(S)-hydroxycholesterol down-regulated the expression of these
genes. It is long since known that oxysterol s reduce the activity of
HMG-CoA reductase and are more potent inhibitors of cholesterol
synthesis than cholesterol (49). However, the mechanisms by which
cholesterol and oxysterols reduce cholesterol synthesis differ (50). Cho-
lesterol directly interferes with SREBP cleavage-activating protein,
inducing a conformational change that prevents the processing of
SREBP to its active form. Oxysterols have similar effects without directly
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interacting with SREBP cleavage-activating protein. Thus, 24(S)-hy-
droxycholesterol may not exert its effect exclusively via the LXR path-
way. The observation that 24(S)-hydroxycholesterol, but not
GW683965A, enhanced the expression of ABCG4 in neurons suggests
that LXR-independent pathways may be involved. Apparently, choles-
terol efflux from astrocytes is not directly driven solely by the rate of
cholesterol biosynthesis, because afflux was induced to a similar level by
24(S)-hydroxycholesterol and GW683965A. A  concomitantly
enhanced cholesterol efflux, up-regulation of ABCA1 and ABCG1, and
impaired synthesis of cholesterol has recently also been reported as a
consequence of statin treatment in macrophages (47).

Numerous studies have demonstrated that ABCA1 is necessary for
the efflux of cellular cholesterol to lipid-poor apoA-I (51). Recently,
ABCA1 was found to facilitate the efflux of central nervous system
cholesterol to apoE as the absence of ABCA1 compromised apoE secre-
tion from both astrocytes and microglia. In addition, apoE that is pres-
ent in the cerebrospinal fluid of ABCA1-deficient animals is poorly
lipidated (38, 52). In contrast to ABCA1, ABCG1 and ABCG4 are
thought to facilitate the efflux of cholesterol to high density lipoprotein
rather than to lipid-poor apolipoproteins (53, 54). A relationship
between ABCG1 and the secretion of apoE was suggested by the obser-
vation that treatment of macrophages with antisense oligonucleotides
to ABCG1 decreased the efflux of cholesterol and phospholipids to high
density lipoprotein and, surprisingly, also the secretion of apoE (53, 55).
Although ABCG1 and ABCG4 may function both as homodimers and
heterodimers (56, 57), expression of ABCG1 and ABCG4 overlaps in
some but not all tissues assayed (54), which may indicate different func-
tions in different tissues. The expression of ABCG4 appears to be largely
restricted to nervous tissue (56). Our results strongly suggest that apoA-
I-mediated cholesterol efflux from astrocytes involves ABCA1 and that
apoE mediates cholesterol efflux via ABCG1 and possibly also ABCAL,
but not via ABCG4. Although 24(S)-hydroxycholesterol also stimulated
apoE synthesis and secretion from astrocytic cells, it remains to be
established why 24(S)-hydroxycholesterol treated resulted in observ-
able cholesterol efflux only in the presence of exogenous apoE or
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apoA-1. A possible explanation may be that the levels of endogenous
apoE secreted from 24(S)-hydroxycholesterol-treated cells is >100-fold
lower than the concentrations of exogenous apoE added as a lipid accep-
tor under our experimental conditions. Alternatively, endogenously
secreted apoE may already be lipidated and thereby act a less efficient
cholesterol acceptor.

Neurons are thought to dispose their cholesterol by conversion into
24(S)-hydroxycholesterol, which is more polar than cholesterol and, as
a result, may easily traverse the blood-brain barrier and perhaps the
neuronal plasma membrane itself (4). However, how oxysterols are
transported across membranes and through the intracellular water
phase is not yet known. The selective up-regulation of ABCG4 in neu-
roblastoma cells by 24(S)-hydroxycholesterol suggests a possible role
for this transporter in oxysterol transport. Both 24(S)-hydroxycholes-
terol and also GW683865A enhanced apoA-I-mediated cholesterol
efflux from neuronal cells, suggesting this is another neuronal pathway
to dispose of cholesterol. However, GW683965A had only a limited
effect on ABCALI expression in these cells. Rebeck et al. (57) recently
reported up-regulation of neuronal ABCA1 expression by the synthetic
LXR ligand T0901317. A role for apoA-I in the disposal of cholesterol
from neurons is in line with its well known role in so called “reverse
cholesterol transport.” ApoA-I is present in brain and in cerebrospinal
fluid and has been detected in senile plaques in AD patients (58, 59). So
far apoA-I synthesis within the brain has only been ascribed to endo-
thelial cells of the blood brain barrier (60). It remains to be established
why 24(S)-hydroxycholesterol does not alone, but only in concert with
apoE or apoAl increase cholesterol efflux from astrocytes. A possible
explanation may be the relatively small amounts (<100-fold) of apoE
that are secreted by the cells in comparison with the amount of apoE
that is added as cholesterol acceptor. Alternatively, secreted apoE may
be lapidated and thereby become a less efficient cholesterol acceptor.

LXR isoforms differ in their pattern of expression (61). In the brain
LXRp levels are 2—5-fold higher than in the liver, whereas LXRa levels
are 3.5-14-fold lower than in the liver (62—64). However, 24(S)-hy-
droxycholesterol and GW683965A up-regulated LXRa but not LXRf
expression in astrocytoma cells (data not shown), similar to what has
been reported for macrophages and adipocytes, but not liver and muscle
(65, 66). These results suggest the possibility that the autoregulation of
LXRa that has been suggested to occur in adipocytes to coordinate
expression of target genes such as APOE (66) may also occur in brain.

In conclusion, our results provide evidence indicating that 24(S)-
hydroxycholesterol acts as a signaling molecule that induces the apoE-
mediated cholesterol efflux from astrocytes but not from neurons (Fig.
9). Our findings also suggest a role for ABCA1 and ABCG1 in mediating
cholesterol efflux from astrocytes. Thus, in the intact brain, 24(S)-hy-
droxycholesterol derived from neurons may signal astrocytes to
increase production of lipidated apoE particles in order to supply neu-
rons with additional cholesterol during synaptogenesis or neuritic
remodeling. Moreover alterations in the transcriptional regulation role
of 24(S)-hydroxycholesterol on apoE-mediated cholesterol efflux may
affect the progression of neurodegenerative diseases including AD.

Acknowledgments—We thank Dr. Dieter Liitjohann from the University of
Bonn for providing the 24(S)-hydroxycholesterol, Dr. Jogchum Plat from the
University of Maastricht for providing 22(R)-hydroxycholesterol, and Dr. P.
Groot (GSK, Stevenage, UK) for the kind gift of GW683965A. We also thank
Mieke Henfling from the University of Maastricht for the assistance in tissue
culturing and Dr. Vadim Tchaikovsky from the University of Maastricht for
help in Western blotting.

MAY 5, 2006 +VOLUME 281+NUMBER 18

REFERENCES

N

w

wu

N

~

el

Nl

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.
27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

. Dietschy, J. M., and Turley, S. D. (2001) Curr. Opin. Lipidol. 12, 105-112
. Liu, Y., Peterson, D. A., and Schubert, D. (1998) Proc. Natl. Acad. Sci. U. S. A. 95,

13266 -13271

. Wood, W. G., Schroeder, F., Avdulov, N. A., Chochina, S. V., and Igbavboa, U. (1999)

Lipids 34, 225-234

. Bjorkhem, I, and Meaney, S. (2004) Arterioscler. Thromb. Vasc. Biol. 24, 806 — 815
. Brown, M. S., and Goldstein, J. L. (1997) Cell 89, 331-340
. Lund, E. G, Xie, C,, Kotti, T., Turley, S. D., Dietschy, J. M., and Russell, D. W. (2003)

J. Biol. Chem. 278, 22980—-22988

. Brown, ], III, Theisler, C,, Silberman, S., Magnuson, D., Gottardi-Littell, N, Lee, ]. M.,

Yager, D., Crowley, J., Sambamurti, K., Rahman, M. M., Reiss, A. B., Eckman, C. B,,
and Wolozin, B. (2004) /. Biol. Chem. 279, 34674 —34681

. Kolsch, H.,, Lutjohann, D., Ludwig, M., Schulte, A., Ptok, U., Jessen, F., von Bergmann,

K., Rao, M. L., Maier, W., and Heun, R. (2002) Mol. Psychiatry 7, 899 —902

. Reiss, A. B. (2005) Am. J. Alzheimers Dis. Other Demen 20, 91-96
10.

Reiss, A. B,, Siller, K. A., Rahman, M. M., Chan, E. S., Ghiso, ., and de Leon, M. J.
(2004) Neurobiol. Aging 25, 977-989

Wolozin, B., Brown, J., I1I, Theisler, C., and Silberman, S. (2004) CNS Drug Rev. 10,
127-146

Bogdanovic, N., Bretillon, L., Lund, E. G., Diczfalusy, U., Lannfelt, L., Winblad, B.,
Russell, D. W., and Bjorkhem, L. (2001) Neurosci. Lett. 314, 45— 48
Papassotiropoulos, A., Lutjohann, D., Bagli, M., Locatelli, S., Jessen, F., Buschfort, R.,
Ptok, U., Bjorkhem, I, von Bergmann, K., and Heun, R. (2002) J. Psychiatr. Res. 36,
27-32

Joseph, S. B., McKilligin, E., Pei, L., Watson, M. A, Collins, A. R, Laffitte, B. A., Chen,
M., Noh, G., Goodman, J., Hagger, G. N, Tran, J., Tippin, T. K., Wang, X., Lusis, A.].,
Hsueh, W. A., Law, R. E., Collins, J. L., Willson, T. M., and Tontonoz, P. (2002) Proc.
Natl. Acad. Sci. U. S. A. 99, 7604—-7609

Joseph, S. B., and Tontonoz, P. (2003) Curr. Opin. Pharmacol 3, 192—197

Whitney, K. D., Watson, M. A., Collins, J. L., Benson, W. G., Stone, T. M., Numerick,
M. J., Tippin, T. K., Wilson, J. G., Winegar, D. A., and Kliewer, S. A. (2002) Mol.
Endocrinol 16, 1378 -1385

Wang, L., Schuster, G. U., Hultenby, K., Zhang, Q., Andersson, S., and Gustafsson,
J. A. (2002) Proc. Natl. Acad. Sci. U. S. A. 99, 13878 —13883

Liang, Y., Lin, S., Beyer, T. P., Zhang, Y., Wu, X., Bales, K. R., DeMattos, R. B., May,
P.C, Li, S. D, Jiang, X. C,, Eacho, P. I, Cao, G., and Paul, S. M. (2004) J. Neurochem.
88, 623—634

Koldamova, R. P., Lefterov, I. M., Staufenbiel, M., Wolfe, D., Huang, S., Glorioso, J. C.,
Walter, M., Roth, M. G., and Lazo, J. S. (2005) J. Biol. Chem. 280, 4079 —4088

Jiang, X. C., Beyer, T. P., Li, Z,, Liy, J., Quan, W., Schmidt, R. J., Zhang, Y., Bensch,
W. R, Eacho, P. I, and Cao, G. (2003) J. Biol. Chem. 278, 49072—49078

Saunders, A. M., Strittmatter, W. J., Schmechel, D., George-Hyslop, P. H., Pericak-
Vance, M. A, Joo, S. H., Rosi, B. L., Gusella, J. F., Crapper-MacLachlan, D. R., and
Alberts, M. J. (1993) Neurology 43, 1467—1472

Corder, E. H., Saunders, A. M., Strittmatter, W. J., Schmechel, D. E., Gaskell, P. C.,
Small, G. W, Roses, A. D., Haines, J. L., and Pericak-Vance, M. A. (1993) Science 261,
921-923

Mabhley, R. W, Innerarity, T. L., Rall, S. C,, Jr., and Weisgraber, K. H. (1984) /. Lipid
Res. 25,1277-1294

Puglielli, L., Tanzi, R. E., and Kovacs, D. M. (2003) Nat. Neurosci. 6, 345—351

Gong, J. S., Kobayashi, M., Hayashi, H., Zou, K., Sawamura, N., Fujita, S. C., Yanagi-
sawa, K., and Michikawa, M. (2002) J. Biol. Chem. 277, 29919 -29926

Pfrieger, F. W. (2003) Cell. Mol. Life Sci. 60, 1158 -1171

Michikawa, M., Fan, Q. W., Isobe, I, and Yanagisawa, K. (2000) J. Neurochem. 74,
1008 -1016

Nathan, B. P., Chang, K. C,, Bellosta, S., Brisch, E., Ge, N., Mahley, R. W, and Pitas,
R. E. (1995) J. Biol. Chem. 270, 1979119799

Dijkstra, S., Bar, P. R, Gispen, W. H., and Joosten, E. A. (1999) Neuroscience 92,
1331-1342

Deumens, R., Koopmans, G. C., Den Bakker, C. G., Maquet, V., Blacher, S., Honig,
W. M., Jerome, R., Pirard, J. P., Steinbusch, H. W., and Joosten, E. A. (2004) Neuro-
science 125, 591- 604

Wellington, C. L., Walker, E. K., Suarez, A., Kwok, A., Bissada, N., Singaraja, R., Yang,
Y. Z., Zhang, L. H, James, E., Wilson, J. E., Francone, O., McManus, B. M., and
Hayden, M. R. (2002) Lab. Investig. 82, 273-283

Heid, C. A., Stevens, ., Livak, K. J., and Williams, P. M. (1996) Genome Res. 6,
986-994

Plosch, T., Kok, T., Bloks, V. W., Smit, M. J., Havinga, R., Chimini, G., Groen, A. K.,
and Kuipers, F. (2002) /. Biol. Chem. 277, 33870-33877

Walczak, R., and Tontonoz, P. (2002) J. Lipid Res. 43, 177-186

Repa, J. ], Liang, G., Ou, J., Bashmakov, Y., Lobaccaro, J. M., Shimomura, L, Shan, B.,
Brown, M. S., Goldstein, J. L., and Mangelsdorf, D. ]. (2000) Genes Dev. 14, 2819 —2830
Pitas, R. E., Boyles, J. K, Lee, S. H.,, Foss, D., and Mahley, R. W. (1987) Biochim.
Biophys. Acta 917, 148 -161

JOURNAL OF BIOLOGICAL CHEMISTRY 12807

/T0Z ‘e Afenuer uo usbuluois) Jo AiseAIUN e /610°-0q [ mmm/:diy woly papeojumoq


http://www.jbc.org/

24(S)-Hydroxycholesterol Regulates ApoE Metabolism in Brain

37.

38.

39.

40.
41.

42.
43.
44.
45.
46.
47.
48.

49.
50.

51
52.

53.

Ladu, M. J., Reardon, C., Van Eldik, L., Fagan, A. M., Bu, G., Holtzman, D., and Getz,
G. S. (2000) Ann. N. Y. Acad. Sci. 903, 167-175

Hirsch-Reinshagen, V., Zhou, S., Burgess, B. L., Bernier, L., Mclsaac, S. A., Chan, J. Y.,
Tansley, G. H., Cohn, J. S., Hayden, M. R., and Wellington, C. L. (2004) /. Biol. Chem.
279, 41197-41207

Groen, A. K., Oude Elferink, R. P., Verkade, H. J., and Kuipers, F. (2004) Ann. Med. 36,
135-145

Tontonoz, P., and Mangelsdorf, D. J. (2003) Mol. Endocrinol. 17, 985-993

Yu, L, York, J., von Bergmann, K., Lutjohann, D., Cohen, J. C., and Hobbs, H. H.
(2003) J. Biol. Chem. 278, 1556515570

Slezak, M., and Pfrieger, F. W. (2003) Trends Neurosci. 26, 531-535

Pfrieger, F. W. (2003) BioEssays 25, 72-78

Bjorkhem, I, Lutjohann, D., Breuer, O., Sakinis, A., and Wennmalm, A. (1997) /. Biol.
Chem. 272, 30178 -30184

Krause, B. R., and Hartman, A. D. (1984) J. Lipid Res. 25, 97-110

Vance, J. E., Hayashi, H., and Karten, B. (2005) Semin. Cell Dev. Biol. 16, 193-212
Argmann, C. A,, Edwards, ]. Y., Sawyez, C. G., O'Neil C, H., Hegele, R. A., Pickering,
J. G., and Huff, M. W. (2005) /. Biol. Chem. 280, 2221222221

Hummasti, S., Laffitte, B. A., Watson, M. A, Galardi, C., Chao, L. C., Ramamurthy, L.,
Moore, J. T., and Tontonoz, P. (2004) J. Lipid Res. 45, 616 — 625

Kandutsch, A. A., and Chen, H. W. (1974) J. Biol. Chem. 249, 6057— 6061

Adams, C. M, Reitz, J., De Brabander, J. K., Feramisco, J. D., Li, L., Brown, M. S., and
Goldstein, J. L. (2004) J. Biol. Chem. 279, 52772-52780

Oram, J. F.,, and Lawn, R. M. (2001) J. Lipid Res. 42, 1173-1179

Wabhrle, S. E., Jiang, H., Parsadanian, M., Legleiter, J., Han, X., Fryer, . D., Kowalewski,
T., and Holtzman, D. M. (2004) /. Biol. Chem. 279, 4098740993

Klucken, J., Buchler, C., Orso, E., Kaminski, W. E., Porsch-Ozcurumez, M., Liebisch,
G., Kapinsky, M., Diederich, W., Drobnik, W., Dean, M., Allikmets, R., and Schmitz,
G. (2000) Proc. Natl. Acad. Sci. U. S. A. 97, 817822

12808 JOURNAL OF BIOLOGICAL CHEMISTRY

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

Wang, N, Lan, D., Chen, W., Matsuura, F., and Tall, A. R. (2004) Proc. Natl. Acad. Sci.
U. S. A. 101, 9774-9779

Kockx, M., Rye, K. A., Gaus, K., Quinn, C. M., Wright, J., Sloane, T., Sviridov, D., Fu,
Y., Sullivan, D., Burnett, J. R, Rust, S., Assmann, G., Anantharamaiah, G. M., Pal-
gunachari, M. N, Katz, S. L., Phillips, M. C,, Dean, R. T., Jessup, W, and Kritharides,
L. (2004) /. Biol. Chem. 279, 25966 —25977

Oldfield, S., Lowry, C., Ruddick, J., and Lightman, S. (2002) Biochim. Biophys. Acta
1591, 175-179

Rebeck, G. W. (2004) J. Mol. Neurosci. 23, 219 —224

Panin, L. E,, Russkikh, G. S., and Polyakov, L. M. (2000) Biochemistry (Mosc) 65,
1419-1423

Harr, S. D., Uint, L., Hollister, R., Hyman, B. T., and Mendez, A. J. (1996) /. Neuro-
chem. 66, 2429 —2435

Mockel, B., Zinke, H., Flach, R., Weiss, B., Weiler-Guttler, H., and Gassen, H. G.
(1994) . Neurochem. 62, 788 -798

Steffensen, K. R, Nilsson, M., Schuster, G. U, Stulnig, T. M., Dahlman-Wright, K.,
and Gustafsson, J. A. (2003) Biochem. Biophys. Res. Commun. 310, 589 —593

Apfel, R, Benbrook, D., Lernhardt, E., Ortiz, M. A, Salbert, G., and Pfahl, M. (1994)
Mol. Cell. Biol. 14, 7025-7035

Teboul, M., Enmark, E., Li, Q., Wikstrom, A. C., Pelto-Huikko, M., and Gustafsson,
J. A. (1995) Proc. Natl. Acad. Sci. U. S. A. 92, 2096 -2100

Song, C., Kokontis, ]. M., Hiipakka, R. A., and Liao, S. (1994) Proc. Natl. Acad. Sci.
U S. A. 91, 10809-10813

Whitney, K. D., Watson, M. A., Goodwin, B., Galardi, C. M., Maglich, J. M., Wilson,
]. G., Willson, T. M., Collins, J. L., and Kliewer, S. A. (2001) J. Biol. Chem. 276,
43509 -43515

Ulven, S. M, Dalen, K. T., Gustafsson, J. A., and Nebb, H. L. (2004) /. Lipid Res. 45,
2052-2062

H 3 VOLUME 281-NUMBER 18-MAY 5, 2006

/T0Z ‘e Afenuer uo usbuluois) Jo AiseAIUN e /610°-0q [ mmm/:diy woly papeojumoq


http://www.jbc.org/

24(S)-Hydroxycholesterol Participatesin aLiver X Receptor-controlled Pathway
in Astrocytes That Regulates Apolipoprotein E-mediated Cholesterol Efflux
Karlygash Abildayeva, Paula J. Jansen, Veronica Hirsch-Reinshagen, Vincent W.
Bloks, Arjen H. F. Bakker, Frans C. S. Ramaekers, Jan de Vente, Albert K. Groen,
Cheryl L. Wellington,, Folkert Kuipers and Monique Mulder

J. Biol. Chem. 2006, 281:12799-12808.
doi: 10.1074/jbc.M601019200 originally published online March 8, 2006

Access the most updated version of this article at doi: 10.1074/jbc.M601019200

Alerts:
* When this article is cited
* When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

This article cites 66 references, 36 of which can be accessed free at
http://www.jbc.org/content/281/18/12799.full.html#ref-list-1

/T0Z ‘e Afenuer uo usbuluois) Jo AiseAIUN e /610°-0q [ mmm/:diy woly papeojumoq


http://www.jbc.org/lookup/doi/10.1074/jbc.M601019200
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;281/18/12799&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/281/18/12799
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=281/18/12799&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/281/18/12799
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/281/18/12799.full.html#ref-list-1
http://www.jbc.org/

