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 Although cholesterol is an essential lipid, its accumula-
tion in membranes is toxic to cells. Cholesterol homeostasis 
is tightly controlled in cells by elaborate systems ( 1, 2 ). Im-
pairment of cholesterol homeostasis causes various con-
genital and acquired human diseases ( 3 ). In peripheral cells, 
two pathways play major roles to prevent the excess build-up 
of unesterifi ed cholesterol:  1 ) its esterifi cation by ACAT1 at 
the endoplasmic reticulum (ER); and  2 ) its release from 
cells by several ABC transporter proteins ( 2, 4, 5 ). Evidence 
suggests that ACAT1 and ABCA1 work in concert to elimi-
nate excess cellular unesterifi ed cholesterol ( 6, 7 ). 

 The cholesterol biosynthetic pathway involves the biosyn-
thesis of a series of precursor sterols in addition to choles-
terol. Lanosterol, a C30 sterol having three extra methyl 
groups, is the fi rst sterol synthesized in the pathway and is 
structurally distinct from the C27 sterol, cholesterol. The 
dihydro-derivative of lanosterol (dihydrolanosterol), but 
not cholesterol, downregulates the protein stability of 
HMG-CoA reductase, the key enzyme in sterol biosynthesis 
( 8, 9 ). Excess build-up of lanosterol in cells causes severe 
cytotoxicity ( 10, 11 ). In humans, abnormal accumulation of 
various precursor sterols, including lanosterol, due to defi -
ciency in a distal cholesterol biosynthetic enzyme is associ-
ated with malformation syndromes ( 12, 13 ). It is therefore 
essential that cells are able to minimize the cellular build-up 
of precursor sterols. Others and we had previously shown 
that upon biosynthesis at the ER, substantial amounts of 
precursor sterols are transported to the plasma membrane 
(PM) ( 14–17 ). These precursor sterols are then rapidly 
transported back from the PM to the ER to undergo enzy-
matic demethylations and other reactions to be converted 
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N-4). The normal HSF cell line, GM00038 (designated N-5), was 
obtained from Coriell Institute. Niemann-Pick disease type C 
(NPC) patient-derived HSF cell lines, NPC1 HSF GM03123 (des-
ignated C1-1) containing P237S/I1061T mutations in NPC1 pro-
tein and GM17912 (designated C1-2) containing P1007A/
T1036M mutations in NPC1 protein, were from Coriell Institute. 
Another NPC1 HSF cell line, NIH 93.22 (designated C1-3) (mu-
tations are not determined), was from Dr. Pentchev. The NPC2 
HSF cell line, GM17910 (designated C2-1), which contains C93F/
C93F mutations in NPC2 protein, was from Coriell Institute. An-
other NPC2 HSF cell line (designated C2-2) (mutations are not 
determined) was kindly provided from Dr. Yiannis A. Ioannou 
(Mount Sinai School of Medicine). Niemann-Pick disease type A 
(NPA) HSF cell line, GM00112, which contains L302P/L302P 
mutations in acid sphingomyelinase protein, was from Coriell In-
stitute. Some of the HSF lines used here were employed in our 
previous study ( 17 ). HSFs and MEFs were grown in DMEM with 
penicillin and streptomycin supplemented with 10% FBS ( 17, 
18 ). The human monocyte-like THP-1 cells were differentiated to 
macrophage-like cells by using the procedure described in ( 43 ). 
All cells were grown in humidifi ed CO 2  incubators at 37°C. Me-
dia used are designated as follows: medium A contained 10 or 
7.5% FBS, medium B contained 0.1% fatty acid-free BSA, me-
dium D contained 5% delipidated FBS, and medium F contained 
no supplements. 

 Sterol release assays 
 Cells (CHO, HEK293, HSFs, and MEFs) were seeded into 

6-well plates, as described ( 7, 17, 18 ). HSFs and MEFs were pre-
treated or not pretreated with 9cRA (RXR ligand) and/or the 
synthetic LXR agonist, TO901317, as indicated in the fi gure leg-
ends, to induce ABCA1 expression. Afterwards, cells were incu-
bated with or without apoA-I (5 or 10  � g/ml) in the presence or 
absence of 9cRA and/or TO901317 in medium B for various 
times, as indicated in the fi gure legends. The release of endoge-
nously synthesized sterols was monitored after incubating cells 
with [ 3 H]acetate (20 or 40  � Ci/ml) for either a short or long 
period of time, as described in the fi gure legends. Alternatively, 
cells were labeled with [ 3 H]cholesterol (0.1  � Ci/ml). ABCA1-
dependent sterol release was calculated by subtracting the values 
obtained without apoA-I from the values obtained with apoA-I. 
To identify each sterol species by GC-MS, HEK/hABCA1 cells 
were grown in 100 mm dishes. Lipid effl ux was induced by incu-
bating cells with apoA-I in medium B for 48 h. The medium from 
two 100 mm dishes was pooled for sterol analysis. 

 Cell fractionation 
 Cells grown in 100 mm dishes at subconfl uent stage were 

treated with 1.0 ml of TNE buffer [25 mM Tris-HCl (pH 7.5), 
150 mM NaCl, 5 mM EDTA) that contained protease inhibitor 
cocktail (Sigma) and various detergents, according to procedures 
described ( 44 ), and 1.0% Triton X-100 (TX100), 1.0% Triton 
X-102 (TX102), 1.0% Brij 58, 1.0% Lubrol WX, 2.0% CHAPS, 
1.0% CHAPSO, or 1.0% Tween 20 for 30 min at 4°C, or with 
1.0% Brij 98 for 10 min at 37°C. After treatment with a detergent, 
cell lysates were harvested and homogenized with 10 strokes by 
using a Dura-Grind stainless steel dounce tissue grinder (Whea-
ton). Cell homogenate was spun twice at 1,000  g  for 5 min; the 
resulting postnuclear supernatant (PNS) was subjected to Opti-
Prep (Axis-Shield) or sucrose gradient ultracentrifugation, as 
described previously ( 45 ). Briefl y, the PNS was mixed with Opti-
Prep or with 80% sucrose (in TNE buffer) to be at 37.5 or 40% as 
a fi nal concentration, respectively, and placed at the bottom of 
an ultracentrifuge tube. Optiprep (30%) or sucrose (30%) were 
layered and TNE buffer or 5% sucrose was then layered on the 

to cholesterol ( 17, 18 ). Circulating lipoproteins such as 
HDL contain small, but signifi cant, amounts of various pre-
cursor sterols, including lanosterol and other methylated 
sterols (i.e., C28, C29, and C30 sterols) ( 19 ). Also, nonhe-
patic cells export various C27 precursor sterols, including 
desmosterol and lathosterol, to HDL and LDL ( 15, 16 ). 

 In extrahepatic cells, cellular cholesterol release is pri-
marily carried out by HDL. The ABC transporter, ABCA1, 
plays an essential role in the generation of HDL. Defective 
mutation in the  ABCA1  gene causes Tangier disease, a fa-
milial HDL defi ciency ( 20–22 ). ABCA1 mediates cellular 
cholesterol and phospholipid release to helical apolipo-
proteins, including apoA-I, which results in the formation 
of nascent HDL ( 23, 24 ). ABCA1 primarily resides in and 
mediates HDL biogenesis at the PM ( 25–27 ), while a small 
but signifi cant amount of ABCA1 is also present in the en-
docytic compartments ( 28 ); internalized ABCA1 is de-
graded or recycled back to the PM ( 26 ). How ABCA1 acts 
to regulate lipid release has been the subject of much in-
vestigation [reviewed in ( 4, 29 )], but the precise mecha-
nism remains unsettled. Direct interaction between apoA-I 
and ABCA1 has been shown ( 30–32 ). It has also been re-
ported that ABCA1 at the PM produces membrane defor-
mation sites where apoA-I interacts and solubilizes lipids 
present in these domains to generate nascent HDL ( 33, 
34 ). These results lead one to speculate that the lipid com-
positions of nascent HDL may refl ect those of a membrane 
domain where nascent HDL is assembled. However, there 
has been controversy regarding the membrane domains 
where ABCA1 resides ( 35, 36 ). 

 In this work, we seek to determine the sterol specifi city 
of ABCA1 as a lipid transporter. We also report the dy-
namic relationship between the potential membrane do-
main that contains ABCA1 and the newly synthesized 
lanosterol. 

 MATERIALS AND METHODS 

 Materials 
 apoA-I was prepared as previously described ( 37 ). Delipida-

tion of FBS was performed as described ( 38 ). [ 3 H]acetic acid 
and [ 3 H]cholesterol were from American Radio Chemicals. 
TO901317, 9- cis  retinoic acid (9cRA), and fatty acid-free BSA 
were from Sigma. An ACAT inhibitor, F12511, was a gift of Pierre 
Fabre Research (Castres Cedex, France). Other chemicals were 
from Fisher, Sigma, or Wako. 

 Cell culture and media 
 Mouse embryonic fi broblasts (MEFs) from  Abca1  +/+  (WT) and 

 Abca1   � / �   mice were isolated and used for experiments, as previ-
ously described ( 18, 39 ). HEK293 cells stably expressing human 
ABCA1 (clone 293/2c, hereafter referred as to HEK/hABCA1) 
were established previously ( 40 ). WT CHO cells and 25RA CHO 
cells were employed as described ( 7, 17 ). 25RA cells contain a 
gain-of-function mutation in the cholesterol sensor, Scap ( 41, 
42 ). Normal human skin fi broblast (HSF) lines were from Drs. 
Bzik and Brinckerhoff (Geisel School of Medicine at Dartmouth) 
(designated N-1, N-2, and N-3 in this work) and from Dr. Peter 
Pentchev, formerly at National Institutes of Health (designated 
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14.4 min), we found not only a major peak with a reten-
tion time of 15.3 min, but also other minor peaks, includ-
ing one having a retention time of 17.1 min (  Fig. 1A  ).  
Subsequent analysis (by molecular ion and fragmentation 
pattern analysis) identifi ed the major peak as cholesterol 
and the second major peak as lanosterol (C30) (  Table 1  ).  
The amount of lanosterol released was 2.8 ± 0.1% (n = 3) 
of cholesterol. Other minor peaks were found to be des-
mosterol (C27), monomethylsterol (C28), and dimethyls-
terol (C29). The results indicate that, in addition to 
cholesterol, ABCA1 mediates the release of substantial 
amounts of lanosterol and other methylated sterols to 
apoA-I ( Fig. 1A ). Cellular sterol analyses showed that la-
nosterol content was 0.6 ± 0.2% (n = 3) of cholesterol. The 
results described in  Fig. 1A  and  Table 1  suggest that lanos-
terol is preferentially released from cells in an ABCA1-
dependent manner. To test this interpretation, we compared 
apoA-I-mediated release of sterols synthesized de novo be-
tween parental HEK293 and HEK/hABCA1 cells ( Fig. 1B, 
C ) and between WT and  Abca1   � / �   MEFs ( Fig. 1D, E ). We 
incubated these cells with apoA-I for 8 h in the presence of 
[ 3 H]acetate (to label newly synthesized sterols) and ana-
lyzed [ 3 H]-labeled sterols released from cells by TLC. This 
TLC system effi ciently separates C29/C30 sterols (includ-
ing lanosterol) from the C28 and the C27 sterols ( 17 ). The 
results showed that HEK/hABCA1 cells and WT MEFs re-
leased labeled C27 sterols and labeled C29/C30 sterols. 
These cells also released labeled C28 sterols, but in much 
smaller quantities ( Fig. 1B, D ). We calculated the labeled 
C29/C30 sterols or the labeled C27 sterols in the medium 
versus the same sterol species in cells. The result showed 
that, indeed, the C29/C30 sterols were released more ef-
fi ciently than the C27 sterols ( Fig. 1C, E ). In HEK293 cells 
and  Abca1   � / �   MEFs, none of the labeled sterols were re-
leased, demonstrating an essential role of ABCA1 in cho-
lesterol and lanosterol release. In macrophages, ABCA1 
plays a major role in cellular sterol effl ux. We performed a 
similar [ 3 H]acetate-labeling experiment in THP-1 human 
macrophage-like cells and analyzed radioactive sterols by 
TLC. The result showed that the same sterol specifi city in 
apoA-I/ABCA1-mediated sterol release was also observed 
in the human macrophage-like cells ( Fig. 1F, G ). To-
gether, these results show that lanosterol is a preferred 
sterol released from cells by the apoA-I/ABCA1 pathway. 

 Newly synthesized sterols, but not recycling sterols, are 
the preferential source for ABCA1-dependent sterol 
release 

 The results presented in  Fig. 1  suggest that ABCA1 pref-
erentially releases newly synthesized sterols to apoA-I, 
shortly after these sterols arrive at the PM. To confi rm this, 
we made use of HSFs isolated from NPC patients. In NPC1- 
or NPC2-defi cient cells, cholesterol transport from the 
endosome to the PM is defective, but ER-to-PM sterol 
transport is normal ( 17, 48 ). We compared the release of 
endogenously synthesized sterols to apoA-I in HSFs iso-
lated from normal and NPC subjects under various condi-
tions (  Fig. 2A  ).  When cells were incubated with apoA-I for 
8 h in the presence of [ 3 H]acetate, the labeled C29/C30, 

top. After centrifugation at 200,000  g  for 3 h at 4°C in a SW41 or 
SW60 rotor (Beckman), eight 0.5 ml fractions or eleven 1 ml frac-
tions were collected from the top, respectively. Alternatively, PNS 
was centrifuged at 100,000  g  for 60 min to isolate detergent-resis-
tant membrane (DRM) as pellet and detergent-soluble fraction 
as supernatant ( 46 ). 

 Lipid extraction and analysis 
 Cellular lipids were extracted by hexane/isopropanol (3:2, v/v). 

Lipids in medium or fractions from cell fractionation experiments 
were extracted by 4 vol of chloroform/methanol (2:1, v/v). Lipids 
extracted were dried under nitrogen gas at 40–45°C. Amounts 
of total cholesterol, free cholesterol, and choline-phospholipid 
were measured by colorimetric enzymatic assay systems, as de-
scribed previously ( 7 ). Cholesteryl ester was determined by sub-
tracting free cholesterol from total cholesterol. Cellular and 
medium lipids containing radio-labeled sterols were prepared 
by saponifi cation, and nonsaponifi able fractions (containing la-
beled sterols) were separated by TLC in a solvent system of meth-
ylene chloride/ethyl acetate (97:3, v/v), as described ( 17 ). For 
GC-MS, extracted lipids were saponifi ed and nonsaponifi able 
lipids (containing sterols) were isolated and dried under N 2  gas. 
Sterol derivatization and GC-MS analysis were performed essen-
tially as described previously ( 17 ). Epicoprostanol served as an 
internal standard. 

 Antibodies and immunoblot 
 Anti-human ABCA1 rabbit serum was produced previously 

( 47 ). Other antibodies were obtained from commercial sources 
as follows; anti-caveolin-1 polyclonal antibodies (N-20) and anti-
LAMP-2 monoclonal antibody (H4B4) from Santa Cruz Biotech-
nology, anti-fl otillin-1 monoclonal antibody and anti-calnexin 
monoclonal antibody from BD Biosciences, and anti- � -actin 
monoclonal antibody from Sigma. Whole cell lysate was prepared 
by using lysis buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 
1% NP40, and protease inhibitor cocktail]. Protein concentra-
tion was determined by BCA protein assay (Pierce). Equal amounts 
of cell protein or equal amounts of fraction were subjected to 
SDS-PAGE and immunoblot analysis by using antibodies, as 
indicated in the fi gure legends. 

 Statistical analysis 
 Data are presented as mean ± SD. Statistical analyses of results 

were performed using a two-tailed unpaired Student’s  t -test. The 
difference between two sets of values was considered signifi cant 
when the  P  value was <0.05 (* P  < 0.05, ** P  < 0.01, *** P  < 0.001). 

 RESULTS 

 Sterol specifi city of ABCA1-mediated sterol release 
 To determine the specifi city of sterol molecules in the 

ABCA1-dependent lipid release, we fi rst employed the 
HEK293 cell system ( 40 ); these cells express neither 
ABCA1 nor any other ABC transporters involved in choles-
terol release. HEK293 cells that ectopically express ABCA1 
are therefore suitable to determine the ABCA1-specifi c 
sterol release. We incubated HEK/hABCA1 cells in me-
dium without serum, but with apoA-I, collected the condi-
tioned medium, and analyzed its sterol composition by 
GC-MS. The result showed that, in addition to a peak of 
the internal standard, epicoprostanol (retention time of 
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NPC HSFs ( Fig. 2D ). Under this condition, in normal 
HSFs, 99% of labeled sterols were C27 sterols; in NPC 
HSFs, only 84% of labeled sterols were C27 sterols, and 
C29/C30 and C28 sterols were approximately 7 and 9%, 
respectively. The build-up of labeled C29/C30 and C28 
sterols in NPC mutant cells was previously reported ( 17 ). 
We then performed a third set of experiments by labeling 
HSFs with [ 3 H]cholesterol for 16 h, chasing them without 
the label for 24 h, and then monitoring apoA-I-dependent 
cholesterol release. The result showed that when com-
pared with the normal HSFs, the release of [ 3 H]choles-
terol was markedly reduced in NPC HSFs ( Fig. 2E ). 
Together, these results demonstrate that once arriving at 
the PM, a certain portion of all newly synthesized sterols 
are quickly releasable via the ABCA1/apoA-I system from 

C28, and C27 sterols were all available to apoA-I-mediated 
release in HSFs, and the release of C29/C30 sterol was 
more effi cient than that of the C27 sterol ( Fig. 2B ). As ex-
pected, the release of all sterol species was not impaired in 
HSFs from NPC patients. When HSFs were pulse-labeled 
with [ 3 H]acetate for only 2 h followed by chase with apoA-
I, the lower radioactive counts in labeled sterols (due to 
rapid conversion of precursor sterols) only allowed us to 
monitor C27 sterols reliably, but the result again showed 
that the release of C27 sterols was not impaired in NPC 
HSFs ( Fig. 2C ). Instead, when cells were labeled with [ 3 H]
acetate for a prolonged period (16 h) followed by a long 
chase period without the labeled acetate (24 h), and were 
then incubated with apoA-I for 8 h, the result showed that 
the release of labeled C27 sterol was severely affected in 

  Fig. 1.  Sterol specifi city of ABCA1. A: GC-MS 
analysis of apoA-I-mediated sterol release. HEK/
hABCA1 cells were incubated with apoA-I (10  � g/ml). 
Lipids were extracted from medium, saponifi ed, 
and analyzed by GC-MS, as described in Materials 
and Methods. The peaks of epicoprostanol [internal 
standard (I.S.)], cholesterol (Chol, peak 1), and la-
nosterol (Lan, peak 6) are indicated by arrowheads. 
Other minor peaks (2–5 and 7) are shown in the 
inset and described in  Table 1 . B–G: HEK293 and 
HEK/hABCA1 (B, C), and WT and  Abca1   � / �   (D, E) 
MEFs were treated with 1  � g/ml of TO901317 for 
24 h, and differentiated THP-1 cells (F, G) were in-
cubated with or without apoA-I in the presence of 
[ 3 H]acetate for 8 h in 6-well plates. Lipids were ex-
tracted from medium and cells, and were saponi-
fi ed. Sterols were analyzed by TLC. Results are 
shown as cpm or dpm of [ 3 H]sterol per milligram 
of cell protein (B, D, F) or as percent release relative 
to each [ 3 H]sterol synthesized [medium/(medium + 
cell) × 100] (C, E, G). Error bars represent SD (n = 3).   
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This interpretation can also explain the previous reports 
showing that apoA-I/ABCA1-mediated release of radiola-
beled cholesterol is impaired in NPC1-defi cient macro-
phages and fi broblasts, when these cells are incubated 
with radiolabeled cholesterol for a long period of time 
( 50, 51 ). 

the PM, with C29/C30 sterols as the preferred sub-
strate. Later, the endogenously synthesized sterols tra-
verse through other compartments, including the late 
endosome (LE)/lysosome (LS) compartment ( 49 ); their 
egression from the LE/LS for ABCA1/apoA-I-dependent 
release becomes dependent on NPC1 and NPC2 proteins. 

 TABLE 1. Identifi cation of sterols released to apoA-I in HEK/hABCA1 cells      

Peak Sterol (number of carbons) Retention Time (min) Protein (ng/mg) Percent of Total

1 Cholesterol (C27) 15.3 4,392.6 93.6
2 Desmosterol (C27) 15.5 10.7 0.2
3 Monounsaturated monomethylsterol (C28) 16.3 41.6 0.9
4 Monounsaturated monomethylsterol (C28) 16.6 40.3 0.9
5 Monounsaturated dimethylsterol (C29) 16.9 48.9 1.0
6 Lanosterol (C30) 17.1 119.7 2.6
7 Diunsaturated dimethylsterol (C29) 17.4 40.4 0.9

C27 sterols — 4403.3 93.8
C28 sterols — 81.9 1.7
C29/C30 sterols — 208.9 4.5

HEK/hABCA1 cells were incubated with apoA-I. Sterols extracted from the conditioned medium were 
analyzed by GC-MS. The GC-MS profi le is shown in  Fig. 1A . The result shown is a typical result of three independent 
experiments.

  Fig. 2.  Dependency of NPC1/NPC2 proteins of apoA-I-mediated release of sterols endogenously synthe-
sized. A: Schematic procedures for pulse-chase experiments employed (assays I–IV). Cells were labeled with 
either [ 3 H]acetate ( 3 H-Ac) or [ 3 H]cholesterol ( 3 H-Chol). B–E: apoA-I-mediated release of labeled sterols in 
normal and NPC HSFs  . HSFs from normal subjects (N-4 and N-5) or NPC patients (C1-1, NPC1 patient; 
C2-2, NPC2 patient) were seeded in 6-well plates and grown in medium A to subconfl uent stage. Cells were 
then subjected to assay I, II, III, or IV by labeling cells with [ 3 H]acetate or [ 3 H]cholesterol as below. B: Cells 
pretreated with TO901317 (1  � g/ml) for 18 h were incubated with or without apoA-I (10  � g/ml) during the 
8 h [ 3 H]acetate (40  � Ci/ml) labeling period with TO901317. C: Cells were labeled with [ 3 H]acetate 
(40  � Ci/ml) for 2 h followed by washing off the label and incubation with or without apoA-I (10  � g/ml) in the 
presence of TO901317 for 8 h. D, E: Cells were labeled with [ 3 H]acetate (20  � Ci/ml) for 16 h in medium D 
(D) or with [ 3 H]cholesterol (0.1  � Ci/ml) in medium A (E), followed by washing off the label and incubation 
with medium D with TO901317 for 24 h. The cells were then incubated with or without apoA-I (10  � g/ml) 
for 8 h in the presence of TO901317. Sterols were analyzed by TLC. Data shown are mean ± SD (n = 3). 
** P  < 0.01, *** P  < 0.001.   
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exists among human cells of different origin. We thus used 
fi ve normal and fi ve mutant NPC (containing mutations in 
either  NPC1  or  NPC2 ) fi broblasts. The results showed that 

 Next, lipid release from normal and NPC HSFs exposed 
to apoA-I was examined in the absence (  Fig. 3A  ) or presence 
( Fig. 3B ) of LXR and RXR ligands.  Genetic heterogeneity 

  Fig. 3.  ABCA1-dependent cholesterol release to apoA-I is not impaired in NPC human fi broblasts. A, B: 
apoA-I-mediated release of cholesterol and phospholipid in normal and NPC HSFs. HSFs were seeded in 
6-well plates as in  Fig. 2 . Cells were then incubated with or without 10  � g/ml of apoA-I for 24 h. Before in-
cubation with apoA-I, the cells were pretreated with TO901317 (1  � g/ml) and 9cRA (1  � g/ml) for 18 h to 
induce ABCA1 expression, and TO901317 and 9cRA were included during incubation with apoA-I (B). 
Cholesterol (upper panels) and phospholipids (lower panels) in medium were measured by the colorimetric 
enzymatic assays, and apoA-I-dependent release was calculated as described in the Materials and Methods. 
Amounts of cholesterol and phospholipid were normalized to amounts of cellular protein. Data shown are 
mean ± SD. Statistical signifi cance was evaluated by Student’s  t -test between normal and NPC subjects and no 
signifi cant changes were found.  P  values are indicated in each panel. C, D: ABCA1 protein expression. 
ABCA1 expression in normal and NPC HSFs was examined by immunoblot. Cells were either treated or not 
treated with TO901317 (TO) and 9cRA (RA) for 24 h (C) or with apoA-I (10  � g/ml) for 4 h (D).   
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apoA-I-mediated release of cholesterol and phospholipid 
was not impaired in NPC HSFs under both conditions 
( Fig. 3A, B ). In both normal and NPC HSFs, the treatment 
with LXR and RXR ligands robustly increased cholesterol 
and phospholipid release. Cholesterol and phospholipid 
release was also not impaired in HSFs from a patient with 
NPA (data not shown). We also examined ABCA1 protein 
expression in normal and NPC HSFs treated or not treated 
with LXR and RXR ligands ( Fig. 3C ) or with apoA-I ( Fig. 
3D ). LXR and RXR ligands transcriptionally increase 
ABCA1 expression, whereas apoA-I protects ABCA1 pro-
tein from degradation to increase its protein level ( 4, 6 ). 
Consistent with lipid release, the results showed that 
ABCA1 expression is not impaired in NPC and NPA HSFs 
( Fig. 3C, D ). Because cholesterol transport from the LE/
LS to the PM is impaired in NPC cells ( 52 ), these results 
indicate that ABCA1 preferentially utilizes de novo synthe-
sized sterols before they are eventually endocytosed to the 
LE/LS. To confi rm this interpretation, we calculated 
specifi c activity of de novo synthesized sterol released. 
Normal and NPC fi broblasts were incubated with or with-
out apoA-I in the presence of [ 3 H]acetate, and the mass 
and radioactivity of sterol released to medium and remain-
ing in cells were determined. The results showed that, in 
normal HSFs, specifi c activity of newly synthesized sterol 
released was 1.34-fold higher than that of labeled sterols 
remaining in cells (  Table 2  ),  indicating that newly syn-
thesized sterols are the preferential source available for 
ABCA1/apoA-I-dependent release. On the other hand, 
because the size of the preexisting cholesterol pool was 
much larger than that of the newly synthesized sterol pool, 
the preexisting PM cholesterol pool also contributed 
substantially to the mass of sterols released. In mutant 
NPC HSFs, the specifi c activity of newly synthesized ste-
rols released was markedly increased over that of sterols 
remaining in the cells, because the labeled sterols not 
released to apoA-I began to recycle among various cellular 
compartments and, with time, a signifi cant portion of them 
became partially immobilized and unavailable for re-
lease in these cells.  Table 2  also shows that, in NPC 
cells, the rate of sterol synthesis is similar to normal cells 
despite the large accumulation of cholesterol. Together, 
these results demonstrate that ABCA1 preferentially re-
leases newly synthesized sterols to apoA-I from the PM be-
fore they are internalized to the LE/LS and other cellular 
compartments. 

 ABCA1 is present in the cholesterol-rich membrane 
domain 

 Our results suggest that newly synthesized sterols, in-
cluding lanosterol, consist of a preferential sterol pool for 
the ABCA1/apoA-I system. Lanosterol and ABCA1 may 
thus colocalize at the same membrane domain; such a 
membrane domain has not been characterized. ABCA1 is 
a multi-span membrane protein and mainly acts at the PM 
to mediate HDL assembly ( 25–27, 33 ); however, the pre-
cise nature of the membrane domain where ABCA1 re-
sides remains controversial. Depending on the detergents 
employed, ABCA1 has been reported to reside either in 
detergent-soluble membrane or partly in DRM; ABCA1 
was recovered in detergent-soluble membrane when 
TX100 was used ( 35 ), while a fraction of this protein was 
recovered in DRM prepared using Lubrol WX ( 36 ). A re-
cent work showed that lipid composition of nascent HDL 
particles generated by the ABCA1/apoA-I system is similar 
to that of lipid rafts ( 53 ). Heterogeneity of lipid raft do-
mains has been reported; the protein and lipid contents/
compositions of DRM vary greatly depending on the deter-
gents used ( 44, 54 ). To further characterize membrane 
domain(s) where ABCA1 localizes, we employed eight dif-
ferent detergents (  Table 3  ).  The results showed that 
ABCA1 was largely soluble in most of the detergents tested, 
but was largely insoluble when Brij 98 or Tween 20 was 
used (  Fig. 4A  ).  Brij 98-DRM contained 67% of total cellu-
lar ABCA1 and the lipid raft marker caveolin-1, but the ER 
membrane marker, calnexin, or the LE/LS membrane 
marker, LAMP2, were excluded. In contrast, the Tween 20-
DRM contained calnexin in addition to ABCA1 ( Fig. 4A ), 
indicating that, unlike Brij 98, Tween 20 could not com-
pletely solubilize the ER membrane. Cholesterol was 
highly enriched in Brij 98-DRM, with a free cholesterol/
phospholipid ratio of 0.62; for TX100-DRM and for Tween 
20-DRM, the values were 0.49 and 0.30, respectively ( Table 
3 ). To further confi rm these results, after treating cells 
with Brij 98 or with TX100, cell lysate was subjected to den-
sity-gradient centrifugation. The results showed that buoy-
ant Brij 98-DRM, but not TX100-DRM, contained ABCA1 
in normal HSF ( Fig. 4B ). Additional results showed that, 
in THP-1 macrophage cell lysates, ABCA1 was also recov-
ered in Brij 98-DRM, but not in TX100-DRM ( Fig. 4C ). 

 We previously reported that in CHO cells, pharma-
cological and genetic inactivation of ACAT1 increase 
ABCA1-dependent cholesterol and phospholipid release 

 TABLE 2. Specifi c activity for newly synthesized sterol release     

Cell Line

Total {[ 3 H]sterol (cpm)/mass cholesterol ( � g)} Specifi c Activity for Newly 
Synthesized Sterol Release 

(medium/cell)Medium Cell

N-5 1,527/0.99 = 1,537.8 19,596/17.13 = 1144.1 1.34
C1-1 1,512/0.88 = 1,720.1 19,823/30.02 = 660.2 2.61
C2-2 1,432/1.58 = 931.1 19,296/92.75 = 208.1 4.47

Normal (N-5) and NPC (C1-1 and C2-2) HSFs pretreated with TO901317 (1  � g/ml) were incubated with or 
without apoA-I for 8 h in the presence or absence of [ 3 H]acetate. Cholesterol and [ 3 H]sterol in medium and cells 
were measured by an enzymatic assay or by a scintillation counter, as described in the Materials and Methods, and 
normalized to amounts of cellular protein. Counts per minute in [ 3 H]sterols were divided by amounts of cholesterol 
in micrograms to determine specifi c activity for newly synthesized sterol release. Results shown are the average of 
triplicate assays.
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protein. The results reveal that ABCA1 prefers newly syn-
thesized sterols, especially lanosterol, as the substrate. 
What determines the sterol specifi city in this system is cur-
rently unknown, and we can only offer certain speculation 
at this point: At the PM, the ability of cholesterol to form 
stoichiometric complexes with phospholipids in part 
determines the “chemical reactivity” of cholesterol in 
membranes ( 55 ). Cholesterol molecules that exceed the 
binding capacity of phospholipids are considered more 
mobile, and can be depicted as “active cholesterol” ( 56 ). 
The structure of lanosterol is signifi cantly different from 
that of cholesterol. It contains three extra methyl groups, 
the gem-dimethyl moieties at the C4 position, and another 
methyl group at the C14 position. It also contains a double 
bond at the C24 position. The C24 double bond in desmo-
sterol causes weaker ability to form an ordered domain 
than cholesterol does ( 57 ). On the other hand, lanosterol 
was shown to have the ability to form liquid-ordered do-
mains, and can induce membrane curvature formation in 
vitro ( 58 ). Therefore, lanosterol may not form as tight 
packing with phospholipids as cholesterol does ( 10 ), yet 
membrane domains containing this sterol may retain raft-
like properties. The unique structural properties of lanos-
terol may thus allow it to be more mobile at the PM for 
ABCA1-dependent release. It was shown that ABCA1 cre-
ates a specifi c lipid-packing deformation site at the PM, 
and apoA-I recognizes and solubilizes such membrane do-
mains to generate HDL ( 33, 34 ). HDL particles generated 
by ABCA1 are cholesterol-rich and have similar lipid com-
position to lipid rafts ( 53 ), suggesting that the ABCA1/
apoA-I system generates HDL at a membrane domain con-
taining signifi cant amounts of cholesterol. Consistent with 
this notion, our detergent-based cell fractionation experi-
ments showed that ABCA1 resides in a certain membrane 
domain resistant to Brij 98, a milder detergent than TX100, 
where cholesterol is highly enriched. This domain also 
contains newly synthesized lanosterol. This domain may re-
tain a lipid raft-like nature, whereas it may be less ordered 
compared with TX100-DRM. Several additional lines of 
evidence produced in other laboratories also support the 
hypothesis that ABCA1 resides in a certain cholesterol-rich 
membrane domain.  1 ) A fraction of ABCA1 was recov-
ered from DRM when Lubrol WX was used ( 36 ).  2 ) ABCA1 
is palmitoylated, and this modifi cation is crucial for its 
function ( 59 ). Palmitoylation of a transmembrane protein 

( 7 ). The increase in cholesterol release was twice as much as 
the phospholipid release. Furthermore, the increase in 
phospholipid release was parallel to the increase in ABCA1 
protein expression. These results suggested that ACAT inhi-
bition expands a cholesterol pool in the PM that is prefer-
entially utilized for ABCA1-dependent release. Here we 
sought to determine whether ACAT blockage increases cho-
lesterol content in Brij 98-DRM. 25RA is a CHO mutant that 
accumulates large amounts of cholesteryl ester, as a conse-
quence of increases in cholesterol synthesis and LDL up-
take ( 41, 42 ). 25RA cells were treated or not treated with 
ACAT inhibitor for 6 h, and subjected to Brij 98-DRM prep-
aration to examine changes in lipid composition in the 
membrane domain. The results showed that ACAT1 block-
age caused a marked increase (approximately 2.5-fold) in 
cholesterol content in Brij 98-DRM (  Fig. 5A  ).  The treat-
ment, however, had no effect on phospholipid content in 
this domain ( Fig. 5B ). Therefore, ACAT1 inhibition re-
sulted in a robust increase in the cholesterol/phospholipid 
ratio of Brij 98-DRM. These results explain why ACAT1 
blockage increases cholesterol release by 2-fold over ABCA1 
protein expression and phospholipid release. 

 Newly synthesized C29/C30 sterols are transiently 
associated with the membrane domain rich in ABCA1 

 We next examined whether Brij 98-DRM is also enriched 
in newly synthesized lanosterol. We performed pulse/chase 
experiments in normal HSFs using [ 3 H]acetate, and moni-
tored the appearance and disappearance of newly synthe-
sized C29/C30, C28, and C27 sterols in Brij 98-DRM. The 
results showed that, without the chase, the majority of the 
labeled C29/C30 sterols were found in Brij 98-DRM (  Fig. 
6A  ).  As the chase time increased, the percentage of [ 3 H]
C29/C30 and C28 sterols rapidly decreased, while the per-
centage of [ 3 H]C27 sterols increased in Brij 98-DRM and in 
cells ( Fig. 6B ). The half-life of C29/C30 sterols in the do-
main was much shorter than 1 h. The results thus suggest 
that newly synthesized sterols are rapidly transported to the 
PM microdomains where ABCA1 resides, and become avail-
able for ABCA1-dependent release. 

 DISCUSSION 

 Our current work aims to determine the sterol mole-
cule specifi city of ABCA1 as the cellular lipid release 

 TABLE 3. Characterization of DRM prepared by using different detergents in human fi broblasts        

Detergent Concentration (%) Condition ABCA1 in DRM  a  FC in DRM  a  PL in DRM  a  FC/PL in DRM

Triton X-100 1.0 4°C, 30 min 4.8 36.2 22.4 0.49
Triton X-102 1.0 4°C, 30 min 5.4 75.0 30.2 0.59
Brij 58 1.0 4°C, 30 min 53.2 85.9 42.0 0.55
Brij 98 1.0 37°C, 10 min 67.0 79.8 32.3 0.62
Lubrol WX 1.0 4°C, 30 min 31.1 84.1 38.1 0.57
CHAPS 2.0 4°C, 30 min 36.0 13.2 11.3 0.35
CHAPSO 1.0 4°C, 30 min 8.7 16.2 10.4 0.41
Tween 20 1.0 4°C, 30 min 89.1 87.8 75.9 0.30

Normal HSF (N-5) was treated with various detergents, as indicated. Free cholesterol (FC) and phospholipid 
(PL) contents in DRM (pellet) and detergent-soluble fraction (supernatant) isolated in  Fig. 4A  were measured by 
colorimetric enzymatic assays. Amounts of ABCA1 were quantifi ed by ImageJ software.

  a   Percent of total cellular ABCA1, free cholesterol, or phospholipid.
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serves as a lipid raft-targeting signal ( 60 ).  3 ) Real-time 
tracking of single ABCA1 molecules showed that ABCA1 
forms immobile homodimers in the absence of apoA-I. 
Upon apoA-I addition, ABCA1 rapidly became mobile ( 61 ). 
A GPI-anchored protein, a typical raft-associated mole-
cule, also forms homodimers and becomes immobile, 
which results in the formation of homodimer rafts in a 
cholesterol-dependent manner ( 62 ). Based on these ob-
servations, we speculate that ABCA1 homodimers associ-
ate with lipid rafts, and cholesterol and sphingomyelin 
removal by apoA-I disrupts ABCA1-homodimer rafts. 

 Why should lanosterol be chosen as a preferred sub-
strate for ABCA1? Because accumulation of lanosterol in 
the PM displays cytotoxicity ( 10, 11 ), cells need to “detox-
ify” lanosterol rapidly. Lanosterol is hardly a substrate of 
ACAT ( 63 ), because it contains the gem-dimethyl moieties 
at the C4 position, which produce severe steric hin-
drance to 3- � -OH. This property incapacitates the ability 
of ACAT1 to detoxify lanosterol at the ER. Therefore, the 
preferential release of lanosterol by ABCA1-mediated 
HDL biogenesis may provide a means to limit the build-up 
of lanosterol. We recently reported that ABCA1 also facili-
tates PM-to-ER lanosterol movement for its conversion to 
cholesterol ( 18 ). At the ER, lanosterol is fi rst converted to 

  Fig. 4.  ABCA1 resides in a distinct membrane domain. A: Nor-
mal HSFs (N-5) grown to subconfl uent stage in 100 mm dishes 
(one dish per treatment) were treated with the indicated deter-
gents, as described in the Materials and Methods. Cells were ho-
mogenized, and the PNS obtained was spun at 100,000  g  for 1 h. 
The resultant DRM pellet (R) and detergent-soluble supernatant 
(S) were subjected to immunoblot analysis for ABCA1, caveolin-1 
(Cav-1), calnexin, and LAMP-2. The detergents used are as follows: 
1.0% Triton X-100 (TX100), 1.0% Triton X-102 (TX102), 1.0% Brij 
58, 1.0% Brij 98, 1.0% Lubrol WX (Lubrol), 1.0% CHAPS, 2.0% 
CHAPSO, and 1.0% Tween 20. B, C: Normal HSFs (N-5) (B) or 
differentiated THP-1 cells (C) were treated with 1.0% TX100 or 
with 1.0% Brij 98 as above, and PNS was subjected to density gradi-
ent centrifugation by using OptiPrep, as described in the Materials 
and Methods. Eight 0.5 ml fractions collected from the top were 
subjected to immunoblotting with antibodies to ABCA1, Cav-1, 
fl otillin-1 (Flot-1), or LAMP-2.   

  Fig. 5.  Effect of an ACAT inhibitor on cholesterol contents in 
Brij 98-DRM. 25RA cells were treated or not treated with an ACAT 
inhibitor (1  � M F12511) for 6 h. Cells were then treated with 1.0% 
Brij 98, and the PNS was subjected to sucrose density gradient cen-
trifugation. Eleven 1 ml fractions were collected from the top. After 
extracting lipids from equal amounts of each fraction, amounts of 
free cholesterol (A) and phospholipid (B) were determined by en-
zymatic assays.   
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bidirectional lanosterol transport system. It is interesting 
to note that another ABC transporter, ABCG1, but not 
ABCA1, releases 7-ketocholesterol to HDL in addition to 
cholesterol ( 64 ). 7-Ketocholesterol is accumulated in ath-
erosclerotic lesions, and induces macrophage apoptosis. 
Thus, ABCG1 protects macrophages from cytotoxicity of 
7-ketocholesterol. In addition, ABCG1 and ABCG4 export 
desmosterol to HDL ( 65 ). HDL contains substantial amounts 
of precursor sterols, including lanosterol and desmosterol. 
Therefore, besides cholesterol as a common substrate, 
ABCA1, ABCG1, and ABCG4 may have different sterol 
specifi city. These transporters may cooperatively act to 
protect cells from the build-up of cytotoxic sterols. 

 In conclusion, the current work identifi es unique sub-
strates for ABCA1: the de novo synthesized cholesterol 
and methylated precursor sterols arriving at a certain PM 
domain where ABCA1 is enriched can be rapidly removed 
by the ABCA1-dependent sterol release pathway before 
they are transported back to the ER. Our results also sup-
port a model where the ABCA1/apoA-I system generates 
HDL at the PM  .  
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