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Abstract The membrane transporter ATP-binding cassette
transporter A1 (ABCA1) has been shown to be the rate-
limiting step in the initial formation of plasma high-density
lipoprotein (HDL) particles. The mechanisms of action of
ABCA1, including its role in the vesicular transport of
lipids to the cell surface for the lipidation of HDL apolip-
oproteins, are not fully understood. Niemann–Pick type C
(NPC) disease is most often caused by mutations in the
NPC1 gene, whose protein product is believed to facilitate
the egress of cholesterol and other lipids from late endo-
somes and lysosomes to other cellular compartments. This
report reviews current knowledge regarding the role of
ABCA1 in vesicular lipid transport mechanisms required
for HDL particle formation, and the relationship between
ABCA1 and NPC1 in this process.
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Introduction

Accumulation of excess cholesterol in the artery wall is the
biochemical hallmark of atherosclerosis. The removal of
cholesterol from arterial wall cells and other tissues is
primarily carried out by the high-density class of lipo-

proteins (HDL) in a process referred to as reverse cho-
lesterol transport. In recent years it has become clear that
the initial lipidation of apolipoprotein A-I (apoA-I, the
main protein of HDL) and other HDL apolipoproteins by
the membrane lipid transporter ATP-binding cassette trans-
porter A1 (ABCA1) is the rate-limiting step in plasma HDL
particle formation. The mechanisms by which ABCA1
facilitates the initial lipidation of HDL apolipoproteins, and
whether this involves mainly cell surface or also intracel-
lular vesicular trafficking events, are incompletely under-
stood, but are of major scientific and potential therapeutic
importance. Another protein facilitating intracellular lipid
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transport, the Niemann–Pick type C1 protein (NPC1), is
mutated in the majority of patients with the fatal neurode-
generative disorder Niemann–Pick type C disease. The
mechanism of action of this protein is also not yet known,
but is thought to involve the mobilization of cholesterol
from late endosomes and lysosomes for transport to other
cell compartments. Recent findings including the impaired
regulation of ABCA1 and mobilization of lipids to apoA-I
in NPC disease cells have suggested an interaction of
ABCA1 and NPC1 in cholesterol transport and in main-
taining cell cholesterol balance. The purpose of this report
is to review evidence regarding the role of vesicular trans-
port of ABCA1 in the formation of HDL particles, and the
potential interactions between ABCA1 and NPC1 in this
process.

Functions of ABCA1

ABCA1, first known as ABC1, was cloned in 1994 by
Luciani and colleagues [1] as a homolog of yeast ced-7, and
is a member of the large superfamily of ABC transporters
that use ATP as an energy source to transport lipids and
other molecules across membranes [2]. At approximately
the same time, defective cholesterol [3, 4] and phospho-
lipid [4] efflux to apoA-I from fibroblasts derived from
patients with the extreme HDL deficiency syndrome Tang-
ier disease were described, which suggested that the re-
moval of cellular lipids to apoA-I is a major predictor of
plasma HDL-C levels. In 1999, the mutation in Tangier
disease was mapped to chromosome 9q31 in the ABCA1
gene [5–8]. These discoveries have set off an enormous
amount of research on the regulation, mechanism of action,
and suitability of ABCA1 as a target to increase HDL
formation therapeutically for the treatment and prevention
of atherosclerosis.

ABCA1 is a full ATP-binding cassette transporter con-
sisting of two similar halves, each with a transmembrane
domain and a nucleotide-binding domain, that are linked
covalently [9]. The nucleotide-binding domains consist of
two conserved peptide motifs known as Walker A and
Walker B, which are present in most proteins that utilize
ATP in energizing their transport activity [10]. ABCA1 is
expressed ubiquitously, but in highest concentrations in the
liver, brain, adrenal glands, and macrophage foam cells
[11–13]. ABCA1 expression is increased upon cholesterol
loading of cultured cells including macrophages and fi-
broblasts [8, 11], consistent with its role as a mediator of
removal of excess cell cholesterol. Its expression is
regulated at multiple levels, including liver X receptor
(LXR) and retinoid X receptor (RXR) binding to the
promoter region of the ABCA1 gene, with LXR being
activated by elevated levels of oxysterols in cholester-
olloaded cells [14, 15]. Several additional modes of
regulation of ABCA1 by retinoids, cyclic AMP, peroxi-
some proliferator-activated receptor agonists, and polyun-
saturated fatty acids have been described (for a review, see
[9]). ABCA1 is stabilized by apoA-I binding to cells [16],
through apoA-I-dependent inhibition of calpain-mediated

proteolysis of ABCA1 [17, 18]. Multiple constitutive and
apoA-I-stimulated phosphorylation events have been de-
scribed that both enhance [18–22] or inhibit [23] ABCA1
activity.

The exact mechanism of action of ABCA1 is still un-
known. It was initially proposed to mediate translocation of
phosphatidylserine (PS) to the outer leaflet of the plasma
membrane in its role in engulfment of apoptotic cells [1,
24]. With respect to HDL formation, it was proposed that
the redistribution of PS in the outer leaflet by ABCA1
creates a favorable lipid environment for apoA-I docking
and removal of membrane phospholipids and cholesterol,
and that this does not require a direct ABCA1–apoA-I in-
teraction [24]. It was suggested in several subsequent
cross-linking studies that apoA-I binds directly to ABCA1
or to a molecular complex containing ABCA1, and that this
binding is necessary to stimulate cholesterol and phospho-
lipid efflux [25–28]. Whether ABCA1 mediates phospho-
lipid and cholesterol delivery directly (one-step model),
phospholipid delivery directly and cholesterol delivery
indirectly but essentially simultaneously (a variation of the
one-step model), or only phospholipid delivery, with cho-
lesterol delivery occurring in a separate second step (two-
step model), to apoA-I has yet to be resolved.

In contrast to cholesterol delivery from cells to pre-
formed HDL particles, which may be mediated by several
mechanisms physiologically, it appears that no other mem-
brane transporter can substitute for the role of ABCA1 in
mediating significant lipidation of HDL apolipoproteins,
and any discussion of apoA-I-dependent lipid efflux from
cells therefore refers to ABCA1-mediated lipid efflux.
Although ABCA7 has also been found to mediate phos-
pholipid [29] or phospholipid and cholesterol efflux [30] to
apoA-I, ABCA7 apparently cannot substitute for ABCA1
under conditions of ABCA1 deficiency, such as Tangier
disease, to raise HDL levels. While apoA-I is the most
abundant HDL protein in plasma and the main protein used
in cholesterol efflux studies, other exchangeable alpha-
helical proteins including apoA-II, apoE, and the apo C’s
also interact with ABCA1 [31] and are likely involved and
activate similar pathways of vesicular lipid transport as
apoA-I.

Vesicular transport and ABCA1

The importance of vesicular transport of intracellular
cholesterol and phospholipids in ABCA1-dependent lip-
idation of apoA-I has been suggested by cell localization
and studies using inhibitors of vesicular transport. Precise
localization of ABCA1 within cells has been difficult due
to a lack of highly specific ABCA1 antibodies suitable for
immunofluorescence studies. Experiments using biotinyla-
tion [8], anti-FLAG antibody in ABCA1-FLAG transfected
cells [25], green fluorescent protein (GFP)-ABCA1 trans-
fected cells [24, 32], and a polyclonal antibody [33] sug-
gest ABCA1 localizes to the plasma membrane, and to
intracellular compartments including the Golgi complex
[24, 33]. GFP-ABCA1 fusion proteins were found to lo-



calize to the plasma membrane, and traffic in vesicles
between intracellular compartments including early and
late endosomes and lysosomes and the plasma membrane
[34]. More recent studies using FLAG- or hemagglutinin-
tagged ABCA1 also suggest the presence of ABCA1 in the
late endosome/lysosome compartment [35].

Smith and colleagues have reported the uptake and
resecretion of labeled apoA-I [36] and colocalization of
ABCA1-GFP and apoA-I in intracellular compartments
[37]. In addition to mediating lipid efflux at the cell surface,
these results suggest ABCA1 may be internalized along
with apoA-I in vesicles to intracellular compartments
where ABCA1 pumps lipids into the vesicles for associ-
ation with apoA-I, and subsequent release of nascent HDL
particles upon fusion with the plasma membrane (retro-
endocytosis) [9, 38]. It was suggested in a recent study that
trafficking of ABCA1, and possibly apoA-I, to the late
endosome/lysosome compartment is responsible for a
quantitatively significant percentage of total ABCA1-de-
pendent cholesterol efflux [35]. Chen et al. [35] found that
internalization of ABCA1 was necessary to effectively
mobilize cholesterol derived from acetylated LDL in cells
coexpressing scavenger receptor A, where the cholesterol
would be expected to be largely in the late endosome/
lysosome pool during the time course of efflux used. Cells
expressing a mutant form of ABCA1 (ABCA1delPEST)
showed impaired ABCA1 internalization and considerably
less ability to efflux this pool of late endosome/lysosomal
cholesterol to apoA-I. These results suggest that internal-
ization of ABCA1 is necessary for the mobilization of
LDL-derived and other pools of cell cholesterol, at least
during their transit through the late endosome/lysosome
compartment.

A role for Golgi complex-derived lipids in the lipidation
of apoA-I by ABCA1 was suggested by a number of
experiments using control and Tangier disease cells [39–
41]. A markedly hypertrophic Golgi complex was de-
scribed in Tangier disease fibroblasts [39, 42], suggesting a
direct or indirect role for ABCA1 in offloading lipids or
proteins from this organelle. Mendez and Uint [40] re-
ported that disruption of the Golgi apparatus using bref-
eldin A inhibited phospholipid and cholesterol efflux to
lipid-free apoA-I by more than 80%, but that efflux of these
lipids to protein-depleted lipid acceptors was unaffected.
Remaley and colleagues [41] similarly found that brefeldin
A almost completely blocked cholesterol and phospholipid
efflux to apoA-I plus several other amphipathic alpha-
helical apolipoproteins, including apoA-II, A-IV, C-I, C-II,
and C-III. Besides impaired trafficking of Golgi-derived
lipids to the plasma membrane, an additional or alternate
explanation of these findings is the reduction in transport of
newly synthesized ABCA1 to the cell surface seen in
brefeldin A-treated cells [34]. Zha et al. [43] reported that
transport of Golgi-derived vesicles to the plasma mem-
brane increased twofold in response to incubation with
apoA-I in normal, but not in Tangier disease fibroblasts.
Altogether, these results suggest a major role for the Golgi
complex in the delivery of lipids as well as ABCA1 to the

plasma membrane during ABCA1-mediated lipid efflux to
apoA-I.

Possible mechanisms by which apoA-I stimulates the
Golgi-dependent transport of lipids to the plasma mem-
brane for removal include an immediate signaling cascade
induced by the interaction of apoA-I with ABCA1 at the
cell surface, or following the depletion of plasma mem-
brane lipids by apoA-I [21, 44]. The signaling induced by
apoA-I may require a direct interaction between apoA-I
and ABCA1, with the signals transmitted either upon
binding of apoA-I or only following ABCA1-dependent
efflux of lipids to apoA-I. Another scenario is that apoA-I
binding to the cell surface stimulates a signaling cascade
regulating ABCA1 activity in the Golgi itself [33]. The
most likely situation may be that induction of Golgi-
dependent vesicular transport of lipids to the plasma
membrane follows depletion of cell surface lipids by the
apoA-I–ABCA1 interaction at the plasma membrane.

Vesicle fusion proteins associated with ABCA1 were
recently examined [45]. Syntaxin-13 was found to copre-
cipitate and colocalize with ABCA1, and silencing rRNA
directed against syntaxin-13 markedly reduced apoA-I-
mediated phospholipid efflux [45]. Expression of ADP-
ribosylation factor (ARF)-like 7 (ARL), a regulatory
GTPase involved in vesicle budding, was found to
positively affect apoA-I-dependent cholesterol efflux and
localize in perinuclear and plasma membrane compart-
ments, suggesting a potential linkage to ABCA1-mediated
lipid mobilization [46].

A model can be generated in which ABCA1 selectively
mediates depletion of the pool of cholesterol derived from
endosomal/lysosomal degradation and hydrolysis of stored
cholesteryl esters, that would otherwise enter the regulatory
pool of cholesterol to suppress endogenous cholesterol
synthesis and LDL receptor expression, and stimulate storage
of excess cholesterol as cholesteryl esters by acyl coen-
zymeA:cholesterol acyltransferase (ACAT). The ABCA1–
apoA-I interaction appears to preferentially deplete this
regulatory pool of cholesterol that would otherwise be
esterified by ACAT, as shown by the complete absence of
depletion by apoA-I of ACAT-accessible cholesterol in
Tangier disease cells [4], and consistent with increased HDL-
C in ACAT-1-deficient mice [47]. The flow of intracellular
cholesterol transport mediated by the apoA-I–ABCA1
interaction is proposed to be from the late endosomal/
lysosomal compartment and through the trans-Golgi net-
work, from which cholesterol and phospho/sphingolipidrich
vesicles move to the plasma membrane (Fig. 1). Whether or
not this process absolutely requires the function of the
Niemann–Pick type C1 protein is discussed below.

NPC disease

NPC disease is a severe autosomal recessive lipidosis
characterized by the accumulation of unesterified choles-
terol in the endosomal/lysosomal system [48]. Affected
individuals show progressive neurodegeneration and he-



patosplenomegaly, and the disease is frequently fatal in the
first or second decade [49]. The most prominent cellular
feature is the accumulation of unesterified cholesterol and
glycosphingolipids in the late endosome/lysosome com-
partment, as well as the trans-Golgi cisternae [50], and a
delay in the transfer of unesterified cholesterol to other
intracellular destinations [51]. NPC disease is caused by
mutations in two genes: NPC1, which accounts for 95% of
NPC patients, and NPC2 (HE-1), which accounts for the
remaining 5% of patients. The NPC1 gene was identified in
both humans and mice, and was subsequently cloned [52,
53]. There is no clinical distinction between patients with
NPC1 mutations and those with NPC2 mutations, and their
cultured fibroblasts are biochemically and phenotypically
identical [51].

NPC1 and NPC2 function

NPC1 is a large glycoprotein (170–190 kDa) with 13
transmembrane domains, a small cytoplasmic C-terminal
tail, and a putative sterol-sensing domain (SSD) homolo-
gous to that found in HMG-CoA reductase, SREBP
cleavage-activating protein (SCAP), Patched, and the
putative intestinal cholesterol transporter NPC1L1 [54,
55]. NPC1 is structurally similar to the resistance-nodula-
tion-cell division (RND) family of prokaryotic permeases
[54, 56]. RND permeases are efflux pumps that utilize
proton-motive force to extrude compounds including

hydrophobic drugs, heavy metals, antibiotics, and lipooli-
gosaccharides [56].

At steady state, NPC1 has been shown to reside in the
membranes of late endosomes, which confirmed earlier
findings by subcellular fractionation of mouse liver [57]
and immunocytochemical studies on cultured cells [58,
59]. Adenovirus-mediated gene transfer to overexpress
NPC1 in mouse liver followed by immunofluorescence has
also shown NPC1 protein in a vesicular compartment [60].
In normal fibroblasts the NPC1 protein is localized in the
late endosomal/lysosomal compartment, and to a lesser
extent, the trans-Golgi network (TGN) [57, 61–63]. NPC1
in the TGN might be newly synthesized proteins or NPC1
interacting transiently with the TGN. Some investigators
have also shown that the vesicular transport proteins Rab7
and Rab9 colocalize with NPC1, and are involved in
mediating the fission–fusion of vesicles transported be-
tween early and late endosomes/lysosomes and the TGN
[57, 64, 65].

NPC1 is involved in the internalization of GM2
gangliosides into the late endocytic pathway, and in LDL
cholesterol-loaded normal fibroblasts NPC1 is localized in
late endosomes [66]. Although the specific function of
NPC1 is not yet known, its putative sterol-sensing domain
and its dysfunctional link to lysosomal cholesterol seques-
tration underscores its importance in the mobilization of
membrane cholesterol within the late endocytic pathway. In
an attempt to unravel the function of NPC1, Ohgami et al.
[67] used a photoactivatable cholesterol analog, [3H]7,7-
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azocholestanol, to label fluorescent-tagged NPC1 (NPC1-
GFP), and showed that NPC1 interacts directly with the
analog and that the interaction requires a functional sterol-
sensing domain. NPC2 also interacted with the analog via
its cholesterol binding domain. Although it has been pro-
posed that NPC2 may be necessary to mediate the inter-
action between NPC1 and cholesterol [68], the interaction
between NPC1 and [3H]7,7-azocholestanol did not require
NPC2 [67].

NPC2 is a small, soluble glycoprotein (18 kDa) that at
steady state localizes in the lumen of lysosomes. It was
originally characterized as an important secreted protein
from human epididymis (HE1) [69], but in subsequent
studies it was shown that the protein is ubiquitously
expressed in tissues. As a soluble lysosomal protein, NPC2
is sorted in the Golgi apparatus as a mannose 6-phosphate-
tagged protein, and subcellular fractionation of rat liver
identified endogenous hepatic NPC2 in the lysosomal
fraction [59]. Chikh et al. [70] reported that NPC2 is indeed
localized in lysosomes, and N-glycosylation of the aspar-
agine residue at position 58 (Asn-58) is essential for
lysosomal targeting and NPC2 function.

Emerging evidence suggests that as a putative RND
permease, NPC1 may function as a sterol-modulated
transmembrane efflux pump for different lipids and pro-
teins from late endosomes to the TGN. Although NPC1
protein resides in late endosomes, it has been shown to
interact with the TGN and ER. Several investigators have
reported that NPC1 and NPC2 proteins work in concert and
play a major role in intracellular cholesterol trafficking by
moving unesterified cholesterol from late endosomes/
lysosomes [59, 71–74]. Hence, NPC cells are defective in
delivering cholesterol, proteins, and other cargo from late
endosomes to TGN, supporting a model that cholesterol
moves from late endosomes/lysosomes to the TGN in a
process requiring NPC1 activity [57, 74, 75].

ABCA1 and NPC: lessons from Tangier disease

Whether or not the delivery of late endosomal/lysosomal
cholesterol to ABCA1 for HDL particle formation requires
the activity of NPC1, however, remains controversial.
Studies indicating the localization of ABCA1 in late
endosomes [34, 35] suggest the possibility that ABCA1
and NPC1 work together in intracellular compartments to
mobilize cholesterol and phospholipids for lipidation of
apoA-I. Neufeld and colleagues [42] have recently reported
that Tangier disease fibroblasts accumulate cholesterol and
sphingomyelin as well as large amounts of NPC1 protein in
late endocytic vesicles, and that exogenous apoA-I ab-
rogated the cholesterol-induced retention of NPC1 in wild-
type, but not in Tangier disease cell late endosomes. This
result suggests NPC1 in Tangier disease cells accumulates
in these endosomes in an attempt to mobilize cholesterol
normally mobilized by the actions of ABCA1 and apoA-I,
but cannot do so in the absence of functional ABCA1.
Expression of ABCA1-GFP in Tangier disease cells
resulted in the correction of accumulation of cholesterol

and NPC1 in late endosomes, in concert with restoration
of apoA-I-mediated cholesterol efflux [42]. These results
suggest ABCA1 indirectly mediates the trafficking of
NPC1 in cells by converting late endocytic lipids that retain
NPC1 to pools that can associate with apoA-I in the
generation of nascent HDL particles [42]. ABCA1 function
is therefore required for appropriate trafficking of NPC1 in
cells, but appears to influence NPC1 trafficking indirectly
rather than directly.

ABCA1 and NPC: lessons from NPC disease

Additional insights into the relationship between ABCA1
and NPC1 functions come from HDL formation studies
using human and mouse NPC disease cell culture models.

Sequestration of cholesterol in late endosomes/lyso-
somes has been identified as the reason for impaired down-
regulation of HMG-CoA reductase and LDL receptor
expression in response to LDL loading, as well as
decreased delivery of cholesterol to the ER for esterifica-
tion by ACAT, in NPC disease [72, 73, 76]. Consistent with
impaired egress of late endosomal/lysosomal cholesterol
and therefore impaired regulation of other sterol-respon-
sive genes in NPC disease, we postulated there would also
be a failure to up-regulate ABCA1 appropriately in the face
of rising cell cholesterol in this disorder. ApoA-I-mediated
efflux of phosphatidylcholine, sphingomyelin and choles-
terol was found to be diminished from NPC disease human
fibroblasts, as were basal and both LDL- and nonlipopro-
tein cholesterol-stimulated levels of ABCA1 mRNA and
protein [77]. Cholesterol efflux to apoA-I was diminished
from NPC disease fibroblasts using cells labeled in LDL-
derived, plasma membrane, newly synthesized, or total cell
cholesterol pools, suggesting all of these pools supply
cholesterol to ABCA1 for efflux [77]. Surprisingly, despite
the much lower expression of ABCA1, binding of apoA-I
to NPC1−/− human fibroblasts was similar to normal
fibroblasts, indicating factors other than or in addition to
ABCA1 predict apoA-I binding to cells [77]. Consistent
with impaired ABCA1 regulation and diminished apolipo-
protein-mediated lipid efflux, we also showed for the first
time that plasma HDL-C levels were low (below 1 mmol/l
or 40 mg/dl) in 17 of 21 (81%) NPC disease patient fasting
plasma samples studied [77]. These results are consistent
with cellular lipid efflux to apoproteins, and therefore
ABCA1 activity at the tissue culture level being a major
predictor of plasma HDL-C levels [78]. They also identify
NPC disease as a new cause of low HDL-C, and the first
known cause of low HDL-C as a consequence of impaired
ABCA1 regulation, rather than mutation. These results are
summarized in Fig. 2.

Interestingly, HDL-C levels in plasma of Npc1-deficient
mice are not diminished compared to normal mice [60, 79],
suggesting variable effects of NPC1 protein deficiency on
HDL metabolism in humans compared to mice. In a study
using cultured Npc−/− mouse peritoneal macrophages,
Chen et al. [80] found impaired apoA-I-mediated efflux
of LDL-derived (endosomal/lysosomal) cholesterol, but no



impairment of phospholipid efflux, suggesting the initial
formation of apoA-I-phospholipid complexes is normal in
Npc1−/− mice. The authors concluded that late endosomal/
lysosomal cholesterol trafficked through the TGN serves as
a preferential source of cholesterol for lipidation of apoA-I
by ABCA1, and that Npc1 has a role in facilitating this
trafficking.

In their studies, Tabas and colleagues have shown that
elevated free cholesterol in macrophages leads to impaired
apoA-I-mediated cholesterol efflux due to activation of
proteasomal degradation of ABCA1 [81]. They also made
the interesting observations that macrophages heterozy-
gous for NPC deficiency or treated with U18666A to
induce a mild NPC phenotype were protected against this
loss of ABCA1 function and protein [81]. Further studies
from their laboratory indicate that elevated free cholesterol
in the endoplasmic reticulum induces apoptosis, and that
partial NPC1 deficiency protects against apoptosis in
cultured [82] as well as arterial wall macrophages [83].
These results suggest that partial NPC1 deficiency might
protect against acute ischemic events by preventing cellular
apoptosis and necrosis in atherosclerotic plaques as well as
degradation of ABCA1 caused by accumulation of free
cholesterol in the endoplasmic reticulum. This conclusion
needs to be weighed against the partial down-regulation of
ABCA1 and defect in cholesterol and phospholipid mo-
bilization to apoA-I seen in NPC1+/− human fibroblasts
[77], which could translate into decreased plasma HDL-C
levels and an increased risk for development of athero-
sclerosis in NPC disease heterozygotes.

Bypassing the NPC mutation

Earlier studies had shown that incubation of NPC disease
human fibroblasts with the oxysterol 25OH-cholesterol
restores regulation of cholesterol synthesis and LDL
receptor expression [76], and decreases the accumulation
of lysosomal cholesterol [84]. In a recent study, Frolov et
al. [85] found that production of the oxysterols 25OH- and
27OH-cholesterol is impaired in NPC1−/− human fibro-
blasts, and confirmed that addition of these oxysterols to
cultured fibroblasts reduces cholesterol accumulation in
late endosomes/lysosomes. These studies indicate the re-
moval of excess cholesterol in the endosomal/lysosomal
compartment in NPC disease can be achieved even in the
absence of NPC1 protein activity. We have recently com-
pleted studies showing that addition of the LXR agonist
TO901317 to human NPC1−/− fibroblasts increases
ABCA1 expression, phospholipid and LDL-derived cho-
lesterol efflux to apoA-I, and HDL particle formation as
assessed by two-dimensional gel electrophoresis, to similar
levels seen in NPC1+/+ cells (Boadu et al., unpublished
data). These results further indicate that depletion of the
excess cholesterol accumulated in NPC disease cells can be
achieved in the absence of NPC1 protein activity, and that
the NPC1 protein is not required for the delivery of late
endosomal/lysosomal cholesterol to ABCA1 (Fig. 1). Up-
regulation of ABCA1 expression by oxysterol- or TO901317-
induced activation of LXR may provide the mechanism by
which exogenous oxysterols [84, 85] or other LXR ag-
onists deplete excess cholesterol from late endosomes and
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lysosomes in NPC1−/− cells. Whether or not this increased
ABCA1 mobilizes cholesterol from the plasma membrane
and indirectly from late endosomes/lysosomes, or directly
from the late endosomes/lysosome compartment [42],
remains to be determined. The recent studies by Chen
and colleagues [35] suggest that at least part of this would
represent direct mobilization of lipids by ABCA1 in the
endosomal/lysosomal compartment. Although functional
NPC1 certainly facilitates the egress of late endosomal and
lysosomal cholesterol in normal cells, these results suggest
NPC1 may not be an absolute requirement for the mo-
bilization of cell cholesterol for HDL particle formation by
ABCA1.

Future directions

Further research is required to resolve the relative roles of
direct versus indirect removal of intracellular pools of
lipids by ABCA1 in total ABCA1-dependent lipid efflux.
The overall role of vesicular versus nonvesicular transfer of
lipids between closely apposed membranes or by diffusible
carrier proteins in HDL formation, not discussed in this
review, also remains to be determined [86, 87]. The
relationships between ABCA1 and NPC1, and whether an
NPC1-independent increase in ABCA1 activity can correct
the lipid storage defect and neuropathology in NPC
disease, are intriguing and important questions for further
investigation.

Conclusions

ABCA1 is the rate-limiting protein in the initial formation
of HDL particles, by delivering lipids to HDL apolipopro-
teins. The NPC1 protein facilitates intracellular trafficking
of cholesterol and other lipid molecules. A deeper under-
standing of the mechanisms of lipid transport induced by
these proteins, and their interactions, will provide new in-
sights into potential therapies for atherosclerosis and NPC
disease.

Acknowledgements This work was supported by CIHR operating
grant MOP-12660. The authors thank Drs. William Garver and John
Oram for helpful discussions. This work was supported by a CIHR/
HSFC/Pfizer Canada Training Fellowship in Stroke, Cardiovascular,
Obesity, Lipid, and Atherosclerosis Research (SCOLAR) to E.
Boadu. G.A. Francis is a Senior Scholar of the Alberta Heritage
Foundation for Medical Research.

References

1. Luciani MF, Denizot F, Savary S, Mattei MG, Chimini G
(1994) Cloning of two novel ABC transporters mapping on
human chromosome 9. Genomics 21:150–159

2. Dean M, Hamon Y, Chimini G (2001) The human ATP-binding
cassette (ABC) transporter superfamily. J Lipid Res 42:1007–
1017

3. Walter M, Gerdes U, Seedorf U, Assmann G (1994) The high
density lipoprotein- and apolipoprotein A-I-induced mobiliza-
tion of cellular cholesterol is impaired in fibroblasts from Tang-
ier disease subjects. Biochem Biophys Res Commun 205: 850–
856

4. Francis GA, Knopp RH, Oram JF (1995) Defective removal of
cellular cholesterol and phospholipids by apolipoprotein A-I in
Tangier Disease. J Clin Invest 96:78–87

5. Brooks-Wilson A, Marcil M, Clee SM, Zhang LH, Roomp
K, van Dam M, Yu L, Brewer C, Collins JA, Molhuizen
HO, Loubser O, Ouelette BF, Fichter K, Ashbourne-Excoffon
KJ, Sensen CW, Scherer S, Mott S, Denis M, Martindale D,
Frohlich J, Morgan K, Koop B, Pimstone S, Kastelein JJ,
Hayden MR et al (1999) Mutations in ABC1 in Tangier
disease and familial high-density lipoprotein deficiency. Nat
Genet 22:336–345

6. Bodzioch M, Orso E, Klucken J, Langmann T, Bottcher A,
Diederich W, Drobnik W, Barlage S, Buchler C, Porsch-
Ozcurumez M, Kaminski WE, Hahmann HW, Oette K, Rothe
G, Aslanidis C, Lackner KJ, Schmitz G (1999) The gene en-
coding ATPbinding cassette transporter 1 is mutated in Tangier
disease. Nat Genet 22:347–351

7. Rust S, Rosier M, Funke H, Real J, Amoura Z, Piette JC,
Deleuze JF, Brewer HB, Duverger N, Denefle P, Assmann G
(1999) Tangier disease is caused by mutations in the gene en-
coding ATP-binding cassette transporter 1. Nat Genet 22:352–
355

8. Lawn RM, Wade DP, Garvin MR, Wang X, Schwartz K, Porter
JG, Seilhamer JJ, Vaughan AM, Oram JF (1999) The Tangier
disease gene product ABC1 controls the cellular apolipopro-
tein-mediated lipid removal pathway. J Clin Invest 104:R25–
R31

9. Oram JF (2002) ATP-binding cassette transporter A1 and cho-
lesterol trafficking. Curr Opin Lipidol 13:373–381

10. Walker JE, Saraste M, Runswick MJ, Gay NJ (1982) Distantly
related sequences in the alpha- and beta-subunits of ATP syn-
thase, myosin, kinases and other ATP-requiring enzymes and a
common nucleotide binding fold. EMBO J 1:945–951

11. Langmann T, Klucken J, Reil M, Liebisch G, Luciani MF,
Chimini G, Kaminski WE, Schmitz G (1999) Molecular clon-
ing of the human ATP-binding cassette transporter 1 (hABC1):
evidence for sterol-dependent regulation in macrophages.
Biochem Biophys Res Commun 257:29–33

12. Lawn RM, Wade DP, Couse TL, Wilcox JN (2001) Localiza-
tion of human ATP-binding cassette transporter 1 (ABC1) in
normal and atherosclerotic tissues. Arterioscler Thromb Vasc
Biol 21:378–385

13. Wellington CL, Walker EK, Suarez A, Kwok A, Bissada N,
Singaraja R, Yang YZ, Zhang LH, James E, Wilson JE,
Francone O, McManus BM, Hayden MR (2002) ABCA1
mRNA and protein distribution patterns predict multiple dif-
ferent roles and levels of regulation. Lab Invest 82:273–283

14. Costet P, Luo Y, Wang N, Tall AR (2000) Sterol-dependent
transactivation of the ABC1 promoter by the liver X receptor/
retinoid X receptor. J Biol Chem 275:28240–28245

15. Schwartz K, Lawn RM, Wade DP (2000) ABC1 gene ex-
pression and ApoA-I-mediated cholesterol efflux are regulated
by LXR. Biochem Biophys Res Commun 274:794–802

16. Arakawa R, Yokoyama S (2002) Helical apolipoproteins sta-
bilize ATP-binding cassette transporter A1 by protecting it from
thiol protease-mediated degradation. J Biol Chem 277:22426–
22429

17. Wang N, Chen W, Linsel-Nitschke P, Martinez LO, Agerholm-
Larsen B, Silver DL, Tall AR (2003) A PEST sequence in
ABCA1 regulates degradation by calpain protease and stabi-
lization of ABCA1 by apoA-I. J Clin Invest 111:99–107

18. Martinez LO, Agerholm-Larsen B, Wang N, Chen W, Tall AR
(2003) Phosphorylation of a pest sequence in ABCA1 promotes
calpain degradation and is reversed by ApoA-I. J Biol Chem
278:37368–37374



19. See RH, Caday-Malcolm RA, Singaraja RR, Zhou S, Silverston
A, Huber MT, Moran J, James ER, Janoo R, Savill JM, Rigot V,
Zhang LH, Wang M, Chimini G, Wellington CL, Tafuri SR,
Hayden MR (2002) Protein kinase A site-specific phosphoryl-
ation regulates ATP-binding cassette A1 (ABCA1)-mediated
phospholipid efflux. J Biol Chem 277:41835–41842

20. Haidar B, Denis M, Krimbou L, Marcil M, Genest J Jr (2002)
cAMP induces ABCA1 phosphorylation activity and promotes
cholesterol efflux from fibroblasts. J Lipid Res 43:2087–2094

21. Yamauchi Y, Hayashi M, AbeDohmae S, Yokoyama S (2003)
Apolipoprotein A-I activates protein kinase C alpha signaling
to phosphorylate and stabilize ATP binding cassette transporter
A1 for the high density lipoprotein assembly. J Biol Chem
278:47890–47897

22. Tang C, Vaughan AM, Oram JF (2004) Janus kinase 2 mod-
ulates the apolipoprotein interactions with ABCA1 required for
removing cellular cholesterol. J Biol Chem 279:7622–7628

23. Roosbeek S, Peelman F, Verhee A, Labeur C, Caster H,
Lensink MF, Cirulli C, Grooten J, Cochet C, Vandekerckhove J,
Amoresano A, Chimini G, Tavernier J, Rosseneu M (2004)
Phosphorylation by protein kinase CK2 modulates the activity
of the ATP binding cassette A1 transporter. J Biol Chem 279:
37779–37788

24. Hamon Y, Broccardo C, Chambenoit O, Luciani MF, Toti F,
Chaslin S, Freyssinet JM, Devaux PF, McNeish J, Marguet D,
Chimini G (2000) ABC1 promotes engulfment of apoptotic
cells and transbilayer redistribution of phosphatidylserine. Nat
Cell Biol 2:399–406

25. Wang N, Silver DL, Costet P, Tall AR (2000) Specific binding
of ApoA-I, enhanced cholesterol efflux, and altered plasma
membrane morphology in cells expressing ABC1. J Biol Chem
275:33053–33058

26. Oram JF, Lawn RM, Garvin MR, Wade DP (2000) ABCA1 is
the cAMP-inducible apolipoprotein receptor that mediates cho-
lesterol secretion from macrophages. J Biol Chem 275:34508–
34511

27. Fitzgerald ML, Morris AL, Rhee JS, Andersson LP, Mendez
AJ, Freeman MW (2002) Naturally occurring mutations in the
largest extracellular loops of ABCA1 can disrupt its direct
interaction with apolipoprotein A-I. J Biol Chem 277:33178–
33187

28. Denis M, Haidar B, Marcil M, Bouvier M, Krimbou L, Genest J
Jr (2004) Molecular and cellular physiology of apolipoprotein
A-I lipidation by the ATP-binding cassette transporter A1
(ABCA1). J Biol Chem 279:7384–7394

29. Wang N, Lan D, Gerbod-Giannone M, Linsel-Nitschke P, Jehle
AW, Chen W, Martinez LO, Tall AR (2003) ATP-binding
cassette transporter A7 (ABCA7) binds apolipoprotein A-I and
mediates cellular phospholipid but not cholesterol efflux. J Biol
Chem 278:42906–42912

30. Abe-Dohmae S, Ikeda Y, Matsuo M, Hayashi M, Okuhira K,
Ueda K, Yokoyama S (2004) Human ABCA7 supports
apolipoprotein-mediated release of cellular cholesterol and
phospholipid to generate high density lipoprotein. J Biol Chem
279:604–611

31. Remaley AT, Stonik JA, Demosky SJ, Neufeld EB, Bocharov
AV, Vishnyakova TG, Eggerman TL, Patterson AP, Duverger
NJ, Santamarina-Fojo S, Brewer HB Jr (2001) Apolipoprotein
specificity for lipid efflux by the human ABCAI transporter.
Biochem Biophys Res Commun 280:818–823

32. Fitzgerald ML, Mendez AJ, Moore KJ, Andersson LP, Panjeton
HA, Freeman MW (2001) ATP-binding cassette transporter A1
contains an NH2-terminal signal anchor sequence that translo-
cates the protein’s first hydrophilic domain to the exoplasmic
space. J Biol Chem 276:15137–151345

33. Orso E, Broccardo C, Kaminski WE, Bottcher A, Liebisch G,
Drobnik W, Gotz A, Chambenoit O, Diederich W, Langmann T,
Spruss T, Luciani MF, Rothe G, Lackner KJ, Chimini G,
Schmitz G (2000) Transport of lipids from Golgi to plasma
membrane is defective in tangier disease patients and Abc1-
deficient mice. Nat Genet 24:192–196

34. Neufeld EB, Remaley AT, Demosky SJ, Stonik JA, Cooney
AM, Comly M, Dwyer NK, Zhang M, Blanchette-Mackie J,
Santamarina-Fojo S, Brewer HB Jr (2001) Cellular localization
and trafficking of the human ABCA1 transporter. J Biol Chem
276:27584–27590

35. Chen W, Wang N, Tall AR (2005) A PEST deletion mutant of
ABCA1 shows impaired internalization and defective choles-
terol efflux from late endosomes. J Biol Chem 280:29277–
29281

36. Takahashi Y, Smith JD (1999) Cholesterol efflux to apolipopro-
tein AI involves endocytosis and resecretion in a calcium-
dependent pathway. Proc Natl Acad Sci U S A 96:11358–11363

37. Smith JD, Waelde C, Horwitz A, Zheng P (2002) Evaluation of
the role of phosphatidylserine translocase activity in ABCA1-
mediated lipid efflux. J Biol Chem 277:17797–17803

38. Santamarina-Fojo S, Remaley AT, Neufeld EB, Brewer HB Jr
(2001) Regulation and intracellular trafficking of the ABCA1
transporter. J Lipid Res 42:1339–1345

39. Robenek H, Schmitz G (1991) Abnormal processing of Golgi
elements and lysosomes in Tangier disease. Arterioscler
Thromb 11:1007–1020

40. Mendez AJ, Uint L (1996) Apolipoprotein-mediated cellular
cholesterol and phospholipid efflux depend on a functional
Golgi apparatus. J Lipid Res 37:2510–2524

41. Remaley AT, Schumacher UK, Stonik JA, Farsi BD, Nazih H,
Brewer HB Jr (1997) Decreased reverse cholesterol transport
from Tangier disease fibroblasts. Acceptor specificity and effect
of brefeldin on lipid efflux. Arterioscler Thromb Vasc Biol
17:1813–1821

42. Neufeld EB, Stonik JA, Demosky SJ Jr, Knapper CL, Combs
CA, Cooney A, Comly M, Dwyer N, Blanchette-Mackie J,
Remaley AT, Santamarina-Fojo S, Brewer HB Jr (2004) The
ABCA1 transporter modulates late endocytic trafficking: in-
sights from the correction of the genetic defect in Tangier
disease. J Biol Chem 279:15571–15578

43. Zha X, Gauthier A, Genest J, McPherson R (2003) Secretory
vesicular transport from the Golgi is altered during ATP-
binding cassette protein A1 (ABCA1)-mediated cholesterol
efflux. J Biol Chem 278:10002–10005

44. Oram JF, Yokoyama S (1996) Apolipoprotein-mediated
removal of cellular cholesterol and phospholipids. J Lipid
Res 37:2473–2491

45. Bared SM, Buechler C, Boettcher A, Dayoub R, Sigruener A,
Grandl M, Rudolph C, Dada A, Schmitz G (2004) Association
of ABCA1 with syntaxin 13 and flotillin-1 and enhanced
phagocytosis in tangier cells. Mol Biol Cell 15:5399–5407

46. Engel T, Lueken A, Bode G, Hobohm U, Lorkowski S,
Schlueter B, Rust S, Cullen P, Pech M, Assmann G, Seedorf
U (2004) ADP-ribosylation factor (ARF)-like 7 (ARL7) is
induced by cholesterol loading and participates in apolipopro-
tein AI-dependent cholesterol export. FEBS Lett 566:241–246

47. Meiner VL, Cases S, Myers HM, Sande ER, Bellosta S,
Schambelan M, Pitas RE, McGuire J, Herz J, Farese RV Jr
(1996) Disruption of the acyl-CoA:cholesterol acyltransferase
gene in mice: evidence suggesting multiple cholesterol ester-
ification enzymes in mammals. Proc Natl Acad Sci U S A 93:
14041–14046

48. Pentchev PG, Brady RO, Blanchette-Mackie EJ, Vanier MT,
Carstea ED, Parker CC, Goldin E, Roff CF (1994) The
Niemann–Pick C lesion and its relationship to the intracellu-
lar distribution and utilization of LDL cholesterol. Biochim
Biophys Acta 1225:235–243

49. Vanier MT, Rodriguez-Lafrasse C, Rousson R, Gazzah N, Juge
MC, Pentchev PG, Revol A, Louisot P (1991) Type C
Niemann–Pick disease: spectrum of phenotypic variation in
disruption of intracellular LDL-derived cholesterol processing.
Biochim Biophys Acta 1096:328–337

50. Coxey RA, Pentchev PG, Campbell G, Blanchette-Mackie EJ
(1993) Differential accumulation of cholesterol in Golgi com-
partments of normal and Niemann–Pick type C fibroblasts in-
cubated with LDL: a cytochemical freeze-fracture study. J Lipid
Res 34:1165–1176



51. Patterson MC, Vanier MT, Suzuki K, Morris JE, Carstea ED,
Neufeld EB, Blanchette-Mackie EJ, Pentchev PG (2001)
Niemann–Pick Disease Type C: a lipid trafficking disorder.
In: Scriver CR, Beaudet AL, Sly WS, Valle D (eds) The
metabolic & molecular bases of inherited disease. McGraw-
Hill, New York, pp 3611–3633

52. Carstea ED, Morris JA, Coleman KG, Loftus SK, Zhang D,
Cummings C, Gu J, Rosenfeld MA, Pavan WJ, Krizman DB,
Nagle J, Polymeropoulos MH, Sturley SL, Ioannou YA,
Higgins ME, Comly M, Cooney A, Brown A, Kaneski CR,
Blanchette-Mackie EJ, Dwyer NK, Neufeld EB, Chang TY,
Liscum L, Tagle DA et al (1997) Niemann–Pick C1 disease
gene: homology to mediators of cholesterol homeostasis.
Science 277:228–231

53. Loftus SK, Morris JA, Carstea ED, Gu JZ, Cummings C,
Brown A, Ellison J, Ohno K, Rosenfeld MA, Tagle DA,
Pentchev PG, Pavan WJ (1997) Murine model of Niemann–
Pick C disease: mutation in a cholesterol homeostasis gene.
Science 277:23–25

54. Davies JP, Chen FW, Ioannou YA (2000) Transmembrane
molecular pump activity of Niemann–Pick C1 protein. Science
290:2295–2298

55. Altmann SW, Davis HR Jr, Zhu LJ, Yao X, Hoos LM, Tetzloff
G, Iyer SP, Maguire M, Golovko A, Zeng M, Wang L, Murgolo
N, Graziano MP (2004) Niemann–Pick C1 like 1 protein is
critical for intestinal cholesterol absorption. Science 303:1201–
1204

56. Tseng TT, Gratwick KS, Kollman J, Park D, Nies DH, Goffeau
A, Saier MH Jr (1999) The RND permease superfamily: an
ancient, ubiquitous and diverse family that includes human
disease and development proteins. J Mol Microbiol Biotechnol
1:107–125

57. Higgins ME, Davies JP, Chen FW, Ioannou YA (1999)
Niemann–Pick C1 is a late endosome-resident protein that
transiently associates with lysosomes and the trans-Golgi
network. Mol Genet Metab 68:1–13

58. Blanchette-Mackie EJ (2000) Intracellular cholesterol traffick-
ing: role of the NPC1 protein. Biochim Biophys Acta
1486:171–183

59. Naureckiene S, Sleat DE, Lackland H, Fensom A, Vanier MT,
Wattiaux R, Jadot M, Lobel P (2000) Identification of HE1 as
the second gene of Niemann–Pick C disease. Science 290:
2298–2301

60. Amigo L, Mendoza H, Castro J, Quinones V, Miquel JF,
Zanlungo S (2002) Relevance of Niemann–Pick type C1 pro-
tein expression in controlling plasma cholesterol and biliary
lipid secretion in mice. Hepatology 36:819–828

61. Garver WS, Heidenreich RA, Erickson RP, Thomas MA,
Wilson JM (2000) Localization of the murine Niemann–Pick
C1 protein to two distinct intracellular compartments. J Lipid
Res 41:673–687

62. Neufeld EB, Wastney M, Patel S, Suresh S, Cooney AM,
Dwyer NK, Roff CF, Ohno K, Morris JA, Carstea ED,
Incardona JP, Strauss JF III, Vanier MT, Patterson MC, Brady
RO, Pentchev PG, Blanchette-Mackie EJ (1999) The Niemann–
Pick C1 protein resides in a vesicular compartment linked to
retrograde transport of multiple lysosomal cargo. J Biol Chem
274:9627–9635

63. Patel SC, Suresh S, Kumar U, Hu CY, Cooney A, Blanchette-
Mackie EJ, Neufeld EB, Patel RC, Brady RO, Patel YC,
Pentchev PG, Ong WY (1999) Localization of Niemann–Pick
C1 protein in astrocytes: implications for neuronal degeneration
in Niemann–Pick type C disease. Proc Natl Acad Sci U S A
96:1657–1662

64. Holtta-Vuori M, Maatta J, Ullrich O, Kuismanen E, Ikonen E
(2000) Mobilization of late-endosomal cholesterol is inhibited
by Rab guanine nucleotide dissociation inhibitor. Curr Biol
10:95–98

65. Zhang M, Dwyer NK, Neufeld EB, Love DC, Cooney A,
Comly M, Patel S, Watari H, Strauss JF III, Pentchev PG,
Hanover JA, Blanchette-Mackie EJ (2001) Sterol-modulated
glycolipid sorting occurs in Niemann–Pick C1 late endosomes.
J Biol Chem 276:3417–3425

66. Zhang M, Sun M, Dwyer NK, Comly ME, Patel SC, Sundaram
R, Hanover JA, Blanchette-Mackie EJ (2003) Differential
trafficking of the Niemann–Pick C1 and 2 proteins highlights
distinct roles in late endocytic lipid trafficking. Acta Paediatr
Suppl 92:63–73; discussion 45

67. Ohgami N, Ko DC, Thomas M, Scott MP, Chang CC, Chang
TY (2004) Binding between the Niemann–Pick C1 protein and
a photoactivatable cholesterol analog requires a functional
sterol-sensing domain. Proc Natl Acad Sci U S A 101:12473–
12478

68. Strauss JF III, Liu P, Christenson LK, Watari H (2002) Sterols
and intracellular vesicular trafficking: lessons from the study of
NPC1. Steroids 67:947–951

69. Kirchhoff C, Osterhoff C, Young L (1996) Molecular cloning
and characterization of HE1, a major secretory protein of the
human epididymis. Biol Reprod 54:847–856

70. Chikh K, Vey S, Simonot C, Vanier MT, Millat G (2004)
Niemann–Pick type C disease: importance of N-glycosylation
sites for function and cellular location of the NPC2 protein. Mol
Genet Metab 83:220–230

71. Carstea ED, Morris JA, Coleman KG, Loftus SK, Zhang D,
Cummings C, Gu J, Rosenfeld MA, Pavan WJ, Krizman DB,
Nagle J, Polymeropoulos MH, Sturley SL, Ioannou YA,
Higgins ME, Comly M, Cooney A, Brown A, Kaneski CR,
BlanchetteMackie EJ, Dwyer NK, Neufeld EB, Chang TY,
Liscum L, Strauss JF III, Ohno K, Zeigler M, Carmi R, Sokol J,
Markie D, O’Neill RR, van Diggelen OP, Elleder M, Patterson
MC, Brady RO, Vanier MT, Pentchev PG, Tagle DA (1997)
Niemann–Pick C1 disease gene: homology to mediators of
cholesterol homeostasis. Science 277:228–231

72. Pentchev PG, Comly ME, Kruth HS, Vanier MT, Wenger DA,
Patel S, Brady RO (1985) A defect in cholesterol esterification
in Niemann–Pick disease (type C) patients. Proc Natl Acad Sci
U S A 82:8247–8251

73. Pentchev PG, Comly ME, Kruth HS, Tokoro T, Butler J, Sokol
J, Filling-Katz M, Quirk JM, Marshall DC, Patel S, Vanier MT,
Brady RO (1987) Group C Niemann–Pick disease: faulty
regulation of low-density lipoprotein uptake and cholesterol
storage in cultured fibroblasts. FASEB J 1:40–45

74. Sleat DE, Wiseman JA, El-Banna M, Price SM, Verot L, Shen
MM, Tint GS, Vanier MT, Walkley SU, Lobel P (2004) Genetic
evidence for nonredundant functional cooperativity between
NPC1 and NPC2 in lipid transport. Proc Natl Acad Sci U S A
101:5886–5891

75. Ioannou YA (2000) The structure and function of the Niemann–
Pick C1 protein. Mol Genet Metab 71:175–181

76. Liscum L, Faust JR (1987) Low density lipoprotein (LDL)-
mediated suppression of cholesterol synthesis and LDL uptake
is defective in Niemann–Pick type C fibroblasts. J Biol Chem
262:17002–17008

77. Choi HY, Karten B, Chan T, Vance JE, Greer WL, Heidenreich
RA, Garver WS, Francis GA (2003) Impaired ABCA1-de-
pendent lipid efflux and hypoalphalipoproteinemia in human
Niemann–Pick type C disease. J Biol Chem 278:32569–32577

78. Clee SM, Kastelein JJ, van Dam M, Marcil M, Roomp K,
Zwarts KY, Collins JA, Roelants R, Tamasawa N, Stulc T, Suda
T, Ceska R, Boucher B, Rondeau C, DeSouich C, Brooks-
Wilson A, Molhuizen HO, Frohlich J, Genest J Jr, Hayden MR
(2000) Age and residual cholesterol efflux affect HDL choles-
terol levels and coronary artery disease in ABCA1 heterozy-
gotes. J Clin Invest 106:1263–1270



79. Xie C, Turley SD, Dietschy JM (1999) Cholesterol accumula-
tion in tissues of the Niemann–Pick type C mouse is determined
by the rate of lipoprotein-cholesterol uptake through the coated-
pit pathway in each organ. Proc Natl Acad Sci U S A 96:
11992–11997

80. Chen W, Sun Y, Welch C, Gorelik A, Leventhal AR, Tabas I,
Tall AR (2001) Preferential ATP-binding cassette transporter
A1-mediated cholesterol efflux from late endosomes/lyso-
somes. J Biol Chem 276:43564–43569

81. Feng B, Tabas I (2002) ABCA1-mediated cholesterol efflux is
defective in free cholesterolloaded macrophages. Mechanism
involves enhanced ABCA1 degradation in a process requiring
full NPC1 activity. J Biol Chem 277:43271–43280

82. Feng B, Yao PM, Li Y, Devlin CM, Zhang D, Harding HP,
Sweeney M, Rong JX, Kuriakose G, Fisher EA, Marks AR,
Ron D, Tabas I (2003) The endoplasmic reticulum is the site of
cholesterol-induced cytotoxicity in macrophages. Nat Cell Biol
5:781–792

83. Feng B, Zhang D, Kuriakose G, Devlin CM, Kockx M, Tabas I
(2003) Niemann–Pick C heterozygosity confers resistance to
lesional necrosis and macrophage apoptosis in murine athero-
sclerosis. Proc Natl Acad Sci U S A 100:10423–10428

84. Lange Y, Ye J, Rigney M, Steck T (2000) Cholesterol move-
ment in Niemann–Pick type C cells and in cells treated with
amphiphiles. J Biol Chem 275:17468–17475

85. Frolov A, Zielinski SE, Crowley JR, DudleyRucker N, Schaffer
JE, Ory DS (2003) NPC1 and NPC2 regulate cellular choles-
terol homeostasis through generation of low density lipoprotein
cholesterol-derived oxysterols. J Biol Chem 278:25517–
255125

86. Prinz W (2002) Cholesterol trafficking in the secretory and
endocytic systems. Semin Cell Dev Biol 13:197–203

87. Soccio RE, Breslow JL (2004) Intracellular cholesterol trans-
port. Arterioscler Thromb Vasc Biol 24:1150–1160


	The role of vesicular transport in ABCA1-dependent lipid efflux and its connection with NPC pathways
	Abstract
	Introduction
	Functions of ABCA1
	Vesicular transport and ABCA1
	NPC disease
	NPC1 and NPC2 function
	ABCA1 and NPC: lessons from Tangier disease
	ABCA1 and NPC: lessons from NPC disease
	Bypassing the NPC mutation
	Future directions
	Conclusions
	References



