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Abstract The discovery of the role of the ATP-binding cas-
sette transporter A1 (ABCA1) in mediating apolipoprotein A-I-
mediated efflux has led to a dramatic increase in our knowledge
of the molecular mechanisms involved in cholesterol efflux and
cellular metabolism. In this review, we discuss several aspects
of ABCA1 regulation including 

 

i

 

)

 

 transcriptional regulation, 

 

ii

 

)
substrate specificity and availability, 

 

iii

 

) accessory proteins, 

 

iv

 

)
acceptor specificity and availability, and 

 

v

 

) protein trafficking.
The majority of studies of ABCA1 regulation to date have
focused on the identification of promoter elements that de-
termine ABCA1 gene transcription. Here we also review the
potential functional role of ABCA1 in reverse cholesterol
transport.  Given the key role that ABCA1 plays in choles-
terol homeostasis, it is likely that there are multiple mecha-
nisms for controlling the overall transporter activity of
ABCA1.
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TRANSCRIPTIONAL REGULATION OF ABCA1
GENE EXPRESSION

 

Regulation of ABCA1 expression

 

The identification of ATP-binding cassette transporter
A1 (ABCA1) as the key transporter facilitating cellular cho-
lesterol efflux initiated studies establishing that ABCA1
gene transcription is highly regulated and metabolites, in-
cluding cAMP, sterols, 

 

cis

 

-retinoic acid, peroxisome prolif-
erator-activated receptor (PPAR) agonists, and interferon 

 

�

 

(IFN-

 

�

 

), modulated ABCA1 gene expression. The following
section summarizes current studies that have provided in-
sights into ABCA1 gene transcriptional regulation.

 

Regulation of ABCA1 gene expression by sterols

 

Langmann et al. (1) first demonstrated upregulation of
ABCA1 mRNA and protein levels in human monocyte-
derived macrophages after incubation with acetylated
LDL. This increase in ABCA1 expression was reversed by
subsequent deloading of macrophages by incubation with
HDL

 

3

 

. Additional evidence that ABCA1 expression is in-
duced by cholesterol loading and reduced by subsequent

 

cholesterol removal by apolipoprotein A-I (apoA-I) incu-
bation in human fibroblasts was provided by Lawn et al.
(2), using quantitative RT-PCR. These authors observed a
17-fold increase in ABCA1 mRNA by exposing fibroblasts to
serum-free medium containing cholesterol. Cell surface
expression of ABCA1, as determined by cross-linking and
immunoprecipitation, was also enhanced by serum depri-
vation and cholesterol loading of cells.

Oxysterols have also been shown to modulate ABCA1
gene expression via the liver X receptor (LXR) nuclear
hormone receptor. Initial studies (3) demonstrated that
incubation of mouse peritoneal macrophages with the
physiological LXR ligand 22-(

 

R

 

)-hydroxycholesterol or
the LXR selective agonist T0901317 led to a greater than
3-fold increase in ABCA1 mRNA. This induction was absent
in peritoneal macrophages isolated from LXR

 

�

 

 and LXR

 

�

 

knockout mice. In separate experiments, Venkateswaran et
al. (4) confirmed that treatment of NIH 3T3 fibroblasts or
RAW264 macrophages with oxysterols led to an induction
of ABCA1 mRNA. Retroviral expression of LXR

 

�

 

 in these
cells led to a 7- to 30-fold induction of ABCA1 mRNA and
enhanced apoA-I-mediated cholesterol efflux. This response
to oxysterols was attenuated in cells constitutively expressing
dominant-negative forms of LXR

 

�

 

 or LXR

 

�

 

. Thus, ABCA1-
mediated cellular cholesterol efflux was shown to be
mediated at least in part by the LXR.

 

Regulation of ABCA1 gene expression by cAMP

 

cAMP also plays an important role in the regulation of
ABCA1 gene expression. Lawn et al. (2) showed a 10-fold
increase in ABCA1 mRNA in fibroblasts incubated with
8-Br-cAMP. Cell surface expression of ABCA1 determined
by cross-linking followed by immunoprecipitation was also
enhanced by 8-Br-cAMP. In separate studies, treatment of
RAW264 cells with 8-Br-cAMP caused parallel increases in
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apoA-I-mediated cholesterol efflux, ABCA1 mRNA, and
protein levels as well as incorporation of ABCA1 into the
plasma membrane and binding of apoA-I to cell surface
ABCA1 (5). Changes in cellular ABCA1 mRNA peaked by
24 h, and ABCA1 mRNA returned to baseline within 6 h
after removal of 8-Br-cAMP. Oram et al. (5) reported that
8-Br-cAMP induced ABCA1 mRNA by enhancing tran-
scription rather than by stabilizing ABCA1 mRNA. Cell
surface biotinylation revealed a marked increase in cell sur-
face ABCA1 24 h after incubation with 8-Br-cAMP, which
decreased to basal levels within 2–6 h after removal of
cAMP. Both ABCA1 mRNA and protein were unstable and
rapidly degraded in the absence of inducer. Abe-Dohmae
et al. (6) demonstrated that preincubation of RAW264
macrophages with dibutyl cAMP induced specific apoA-I
binding and apoA-I-mediated cholesterol efflux as well as
a 9- to 13-fold increase in ABCA1 mRNA within 16 h of ex-
posure to cAMP. Finally, by using differential display and
subtractive hybridization methods Takahashi et al. (7)
identified the ABCA1 gene as one of the genes upreg-
ulated by treatment of RAW264 cells with cAMP. These
combined cell culture studies have provided evidence that
ABCA1 is the cAMP-inducible transporter that promotes
cellular efflux of lipids. However, to date, the actual cAMP
regulatory motif in the human ABCA1 gene promoter has
not been definitively identified (8).

 

Regulation of ABCA1 gene expression by PPAR agonists

 

Chinetti et al. (9) have reported that PPAR

 

�

 

 and
PPAR

 

�

 

 agonists induce ABCA1 mRNA expression and
apoA-I-mediated cholesterol efflux in normal macro-
phages but not in macrophages from patients with Tangier
disease. LXR

 

�

 

 mRNA was induced also by these agents.
Furthermore, the addition of both PPAR and LXR

 

�

 

 ac-
tivators had an additive effect on ABCA1 expression. In
parallel studies, Chawla et al. (10) demonstrated that
ligand activation of PPAR

 

�

 

 leads to induction of LXR

 

�

 

and enhanced macrophage expression of mouse
ABCA1. This induction, as well as the basal and stimu-
lated (rosiglitazone and GW7845) cellular cholesterol
efflux, was significantly less in macrophages from
PPAR

 

�

 

 knockout mice. However, to date no functional
PPAR response element has been identified in the
ABCA1 promoter. These combined findings indicate
that PPAR agonists may indirectly modulate ABCA1
gene expression by activation of the LXR

 

�

 

 pathway and
illustrate a complex interaction between PPAR

 

�

 

, PPAR

 

�

 

,
and LXR

 

�

 

 in the cellular regulation of ABCA1 gene
expression.

 

Regulation of ABCA1 gene expression by cytokines

 

IFN-

 

�

 

 reduces ABCA1 mRNA as well as cholesterol and
phospholipid efflux to apoA-I in mouse peritoneal macro-
phages and foam cells (11). These authors have suggested
that by decreasing cellular cholesterol efflux through
pathways that include upregulation of ACAT and down-
regulation of ABCA1, IFN-

 

�

 

 may promote the conversion
of macrophages to foam cells, accelerating the progres-
sion of atherosclerosis.

 

Cellular proliferation and ABCA1 gene expression

 

Cell culture conditions that suppress cell growth, such
as serum deprivation, enhance ABCA1 gene expression,
whereas growth of fibroblasts in serum-containing media
suppresses ABCA1 expression (2). Thus it appears that
ABCA1-mediated cellular lipid efflux requires cell quies-
cence or other states in which cellular cholesterol require-
ments are reduced.

STRUCTURAL AND FUNCTIONAL ANALYSIS 
OF THE ABCA1 PROMOTER

The cloning of human and mouse ABCA1 genes and
characterization of their promoters (12–15) have led to
the identification of specific motifs that modulate ABCA1
gene expression. The human ABCA1 gene promoter was
first reported upstream of exon 1 (221 bp) followed by
24-kb intron 1 (

 

Fig. 1

 

). Analyses of this promoter utilizing
reporter gene constructs identified important functional
motifs that regulate ABCA1 gene expression (see discus-
sion below). Cavelier et al. (16) have identified an alterna-
tive exon 1 (exon 1a), 136 bp in length and located 2,210 bp
upstream of exon 2 (Fig. 1). This alternatively spliced
transcript contains the entire coding sequence of human
ABCA1 and is expressed in testis and liver but not macro-
phages. Upstream of exon 1a, an alternative promoter
that contains a TATA box and CAAT sites as well as other
potential binding sites for sterol-sensing nuclear receptors
was identified. The importance of this alternative pro-
moter in regulating ABCA1 gene expression in different
tissues has yet to be reported.

Initial studies of the first promoter (designated pro-
moter 1 in Fig. 1) in RAW264 cells localized a cholesterol
response element within the first 990 bp upstream of the
transcriptional start site of the human ABCA1 gene (13).
Subsequently, a direct imperfect repeat of the nuclear re-
ceptor half-site TGACCT separated by four bases (DR4)
was identified as the element responsible for the sterol
LXR-dependent 

 

trans

 

-activation of the human ABCA1
gene promoter (14, 15) (Fig. 1). Incubation of RAW264
cells (14, 15), human embryonal kidney 293 cells, and

Fig. 1. The human ABCA1 gene promoter. A schematic model of
the organization of the two described promoters of the human
ABCA1 gene is shown. Exons 1, 1a, and 2 are indicated. The loca-
tions of motifs that may regulate ABCA1 gene expression in both
promoters are illustrated. AP-1, activator protein 1; HNF-3, hepato-
cyte nuclear factor 3; LRH-RE, liver receptor homolog response ele-
ment; SREBP, sterol regulatory element 1-binding protein. 
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CV-1 cells (15) with 9-

 

cis

 

-retinoic acid (CRA), 20-(

 

S

 

)-
hydroxycholesterol, or 22-(

 

R

 

)-hydroxycholesterol led to
an up to 9-fold induction of expression in a luciferase re-
porter construct. Addition of both CRA and oxysterols
resulted in further gene 

 

trans

 

-activation (up to 37-fold).
Interestingly, mutation of this LXR motif markedly dimin-
ished induction of the ABCA1 transcription not only by
oxysterols and CRA but also by cholesterol (14, 15, 17).
Thus cholesterol oxidation with the formation of oxys-
terols may account for the observed cholesterol stimula-
tion of ABCA1 gene expression. However, the possibility
that other unidentified sterol regulatory elements are
present in the human ABCA1 gene promoter has not
been ruled out (18).

Two separate regions in the human ABCA1 promoter
appear to play a role in repression of the human ABCA1
gene. The E-box motif located 147 bp upstream of the
originally identified transcriptional start site (Fig. 1) binds
the helix-loop-helix transcription factors USF1 and USF2
as well as the AP-1 motif binding protein, Fra2. These
three proteins can function either as activators or repres-
sors of gene transcription (17). Mutation or deletion of
this E-box motif leads to a 2- to 3-fold induction of ABCA1
gene transcription in RAW cells and human embryonal
kidney 293 cells (17), indicating a role for the E-box in
ABCA1 gene regulation. Separate studies have shown that
the zinc finger 202 (ZNF202) binds to the GnT repeats at
bp 

 

�

 

229 to 

 

�

 

210 within the human ABCA1 promoter and
represses ABCA1 gene expression in HepG2 and RAW cells
(19). This effect requires the presence of a functional
TATA box and the SCAN domain of ZNF202, which medi-
ates selective hetero- and homodimerization. Interestingly,
the gene for ZNF202 is located in 11q21-23, a chromosomal
locus that influences HDL levels in humans (20).

SUBSTRATE SPECIFICITY AND AVAILABILITY

Although ABCA1 expression stimulates both choles-
terol and phospholipid efflux (21), the specific substrate(s)
for ABCA1 have not been definitively established. A sche-
matic functional model for ABCA1 lipid transport (22–24)
that is based on the function of multidrug resistance pro-
tein 2 (MDR2) (24), a homologous ABC transporter, is illus-
trated in 

 

Fig. 2

 

. MDR2 has been reported to have “flippase”
activity, which mediates the translocation of phospho-
lipids from the inner leaflet of the plasma membrane to
the outer leaflet (25). Cholesterol, unlike phospholipids,
can spontaneously and rapidly move across lipid bilayers
(26–28) and therefore is not apparently dependent on
ABCA1 for translocation.

The first step of ABCA1-dependent efflux depends on
the association of lipid-poor or lipid-free apolipoproteins
with the cell surface (Fig. 2). The ability of apolipopro-
teins to insert into lipid bilayers is known to be dependent
on the lipid composition of the membrane and its physi-
cal state (29). The composition of the phospholipids ef-
fluxed from cells by ABC1 is similar to the phospholipid
composition of plasma membranes (30, 31) and does not

provide insight as to the substrate specificity for ABCA1-
mediated efflux of cellular lipids. The translocation of
specific phospholipids may be important, however, not
only in determining the composition of the lipids that are
removed from the cell but in modifying the plasma mem-
brane in order to initiate the efflux process. Although
phosphatidylserine represents only a minor fraction of lip-
ids that are effluxed by ABC1 (30, 31), it was shown by
staining with annexin V that ABCA1-transfected cells
have increased surface expression of phosphatidylserine
(22). Phosphatidylserine, in part because of its anionic na-
ture, is known to impart several changes in the physical
property of membranes and has been previously de-
scribed to affect the insertion of apoA-I into lipid bilayers
(32). On the basis of our current model (Fig. 2), choles-
terol may be simultaneously removed with phospholipids
during efflux. Depletion of cellular cholesterol with cyclo-
dextrin before lipid efflux was shown to decrease choles-
terol efflux but had no effect on phospholipid efflux (33),
which supports the concept that phospholipids rather
than cholesterol are the primary substrates for ABCA1
transport.

The identification of the specific substrate(s) for ABCA1
will require additional studies, but it is probable that the
overall level of transport activity of ABCA1 may be modu-
lated by the concentration and/or the availability of its
substrate in the inner bilayer of the plasma membrane.

Fig. 2. Model for the mechanism of ABCA1 transport. A potential
mechanism for ABCA1-mediated lipid efflux is summarized in the
following steps, which are not necessarily in order: Step 1. A modi-
fied lipid domain adjacent to ABCA1 is created by the ABCA1-
mediated translocation of a lipid substrate across the membrane
bilayer. Step 2. Lipid-poor apolipoproteins associate either directly
with ABCA1 and/or with the modified membrane domain adjacent
to ABCA1. Step 3. Lipids and potential accessory proteins are trans-
ported to the plasma membrane. Step 4. Surface ABCA1 interacts
with the intracellular endocytic pathway. Step 5. Lipid-bound apo-
lipoprotein dissociates from the plasma membrane, with the simul-
taneous efflux of cholesterol and phospholipid. Step 6. Efflux of
additional cholesterol to nascent HDL occurs by aqueous diffusion.
ER, endoplasmic reticulum; C, cholesterol.
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ACCESSORY PROTEINS THAT MODULATE THE 
ACTIVITY OF THE ABCA1 TRANSPORTER

Several ABC proteins have been reconstituted in model
membranes and are able to transport their substrates in
an ATP-dependent fashion (34) independent of any acces-
sory proteins. Several prokaryotic ABC transporters, how-
ever, function in conjunction with accessory proteins. The
best examples of this are the various permease transport sys-
tems that mediate the cellular uptake of exogenous ligands
(35). These transport systems rely on at least two different
proteins, a ligand-binding protein, which is often located
in the periplasmic space, and an ABC transporter. In the
case of eukaryotic ABC transporters, the sulfonyl urea re-
ceptor is also believed to function in concert with an addi-
tional protein, an ATP-sensitive potassium channel (36).

Several intracellular proteins that are involved in lipid
transport have been examined to determine whether they
modulate ABCA1 activity. Of particular interest is caveo-
lin, a cholesterol-binding protein that is known to shuttle
cholesterol between various cell membranes (37). Caveo-
lin has also been previously reported to be involved in
lipid efflux to HDL by aqueous diffusion (38). Increased
expression of caveolin 1 in THP-1 cells after differentia-
tion was shown to correlate with increased expression of
ABCA1 and increased lipid efflux to apoA-I (39). Con-
versely, downregulation of caveolin 1 by treatment with
antisense oligonucleotides was reported to decrease cho-
lesterol efflux to apoA-I (39). It does not appear, however,
that ABCA1 is present primarily in caveolae (40), the
plasma membrane structures formed by caveolin, or that
lipid that is effluxed by ABCA1 comes from caveolae (40).

Small GTP-binding proteins may also act as accessory
proteins in ABCA1-mediated lipid efflux. Small GTP-bind-
ing proteins including Rho, Rac1, and Cdc42, are known
to be important in vesicular trafficking and in modulating
the structure of the plasma membrane (41). Tangier dis-
ease fibroblasts have been reported to have increased lev-
els of Rho and Rac1 (42), and a decreased level of Cdc42
(43), as well as changes in the structure of the plasma
membrane that may be a consequence of the altered levels
of the small GTP-binding proteins (42, 43). Furthermore,
transfection of cells with Cdc42 increases ABCA1-dependent
efflux, whereas transfection with a dominant-negative form
of Cdc42 decreases lipid efflux (43).

To date it has not been definitively established to what
extent ABCA1 transporter activity is dependent on acces-
sory proteins. Accessory proteins may provide, however,
an additional mechanism for modulation of the activity of
ABCA1 by altering the delivery of lipids for efflux to the
plasma membrane or perhaps by modifying the structure
of the plasma membrane in such a way that it affects the
ability of the cell membrane to efflux lipid (Fig. 2).

APOLIPOPROTEIN ACCEPTOR SPECIFICITY
AND AVAILABILITY

ApoA-I, the principal apolipoprotein on HDL, has been
the lipid acceptor utilized in the majority of cellular efflux

studies of ABCA1-mediated lipid transport. There are,
however, many other apolipoproteins that reside on HDL.
The apolipoproteins on HDL form a class of proteins des-
ignated exchangeable apolipoproteins (44) that undergo
repeated cycles of dissociation and reassociation with lipo-
proteins. This property has been proposed (23, 24) to be
important in the process of ABCA1-mediated lipid efflux,
because it is the association of the lipid-poor apolipopro-
teins with the plasma membrane of cells that is the first
and most critical step in ABCA1-mediated lipid efflux
(Fig. 2). In addition to apoA-I, several of the other ex-
changeable apolipoproteins including apoA-II, apoC-II,
apoC-III, and apoE have been shown to stimulate ABCA1-
mediated lipid efflux (24). On the basis of studies using
synthetic peptide mimics of apolipoproteins (45, 46), it
appears that the key structural motif necessary for an apo-
lipoprotein to function as a lipid acceptor is the presence
of amphipathic helices. Amphipathic helices have been
proposed to facilitate the initial interaction of the apolipo-
proteins with a modified lipid domain in the cell mem-
brane created by the flippase activity of ABCA1 (Fig. 2).

The overall level of lipid efflux by ABCA1 may be lim-
ited by the quantity of exchangeable apolipoproteins that
are available to serve as lipid acceptors. The synthesis and
catabolism of the various exchangeable apolipoproteins
are known to be modulated by several different physio-
logic processes (47, 48). It is likely, however, that the con-
centration of the lipid-poor or lipid-free apolipoprotein in
the extracellular fluid, rather than the total concentration
of the plasma apolipoprotein, is more relevant for deter-
mining the level of ABCA1 efflux. It has been estimated
that approximately 5% of plasma apoA-I exists in the
lipid-poor state (49, 50), and that the concentration of lipid-
poor apoA-I in extracellular fluid is comparable to the
quantity of apoA-I required in vitro to saturate ABCA1-
dependent efflux (24). The mechanisms that regulate the
disassociation of apolipoproteins from lipoproteins are
not fully understood (51–54), but may warrant further
studies because this process may represent an important,
newly recognized mechanism for regulating reverse cho-
lesterol transport by ABCA1. The lipid composition of
HDL is known, for example, to affect the affinity of apoA-I
for HDL (51). Increased levels of HDL triglycerides pro-
mote the dissociation of apoA-I from HDL (51). ApoA-I is
also released from HDL as a consequence of the remodel-
ing of HDL by several lipoprotein-modifying enzymes, in-
cluding hepatic lipase and the phospholipid transfer pro-
tein (52–54).

LOCALIZATION AND CELLULAR 
TRAFFICKING OF ABCA1

Establishing the cellular localization of ABCA1 and its
potential site(s) of function is critical to understanding
the process of cellular lipid efflux. Initial immunocyto-
chemical studies suggested that endogenously expressed
human ABCA1 was localized on the plasma membrane
(2, 55, 56). Studies using a fluorescent ABCA1-GFP (green
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fluorescent protein) fusion protein established the pres-
ence of ABCA1 on the cell membrane and that the move-
ment of ABCA1 to the cell surface was required for the
transporter to function in apoA-I-dependent cellular lipid
efflux (57). Furthermore, studies using stable as well as
transiently expressed ABCA1-GFP fusion proteins have
established that the ABCA1 transporter also resides in
intracellular endocytic compartments (22, 24, 58) (Fig. 2
and 

 

Fig. 3

 

). In addition to trafficking to the cell surface,
trafficking of the ABCA1 transporter in endocytic com-
partments may also play an important role in apoA-I-
mediated efflux of cellular lipids (57) (Fig. 2). Using
digital video microscropy, early endosomes containing the
ABCA1 transporter were observed to shuttle between
the plasma membrane and intracellular endocytic com-
partments (57). The delivery of ABCA1 to lysosomes for
degradation has also been suggested to potentially serve
as a mechanism to decrease the surface expression of
ABCA1, and hence, modulate apoA-I-mediated cellular
lipid efflux (57).

The functional significance of the trafficking of the
ABCA1 transporter along the intracellular endocytic path-
way remains to be established. However, several investiga-
tors have provided evidence suggesting that ABCA1-medi-
ated lipid efflux involves intracellular trafficking of
substrate lipids (59, 60) as well as the apoA-I acceptor
(61). Indeed, studies have provided evidence suggesting
that extracellular apolipoproteins may be endocytosed
and recycled back to the cell surface before their release
from the cell (61, 62). Thus, apolipoproteins that are lipi-
dated in an ABCA1-dependent manner may share a traf-
ficking itinerary with the ABCA1 transporter in an intra-
cellular endocytic compartment. Analysis has shown that
the ABCA2 (63) and ABCB9 (64) transporters reside pre-
dominantly in endocytic compartments, providing further

support for a potential functional role of the ABCA1 trans-
porter in endocytic compartments.

SUMMARY

The functional activity of the ABCA1 transporter is co-
ordinately regulated by a multifaceted array of physiologi-
cal processes. Transcriptional regulation is mediated by
two promoters, both with several structural motifs for po-
tential responses to sterols, cAMP, and cytokines. Of par-
ticular importance in the regulation of the ABCA1 trans-
porter is the intracellular cholesterol concentration and
the LXR transcription factor, which play a pivotal role in
modulating intracellular cholesterol metabolism. The pre-
cise mechanism, substrate specificity, and the role of ac-
cessory proteins in ABCA1-mediated lipid transport re-
main to be established. ApoA-I, as well as several other
apolipoproteins that contain amphipathic helices, are ef-
fective acceptors for ABCA1-mediated lipid efflux. Of ma-
jor interest was the finding that ABCA1 resides on the cell
membrane and has an extensive intracellular endocytic
pathway, with rapid movement of the transporter between
the cell membrane and intracellular vesicles. The eluci-
dation of the regulation of the ABCA1 transporter will
provide new insights into cholesterol metabolism and the
potential opportunity to develop new pharmacological
agents to decrease the development and progression of
atherosclerosis.

 

We thank Ms. Donna James for excellent secretarial assistance.

 

REFERENCES

 

1. Langmann, T., J. Klucken, M. Reil, G. Liebisch, M-F. Luciani, G.
Chimini, W. E. Kaminski, and G. Schmitz. 1999. Molecular cloning
of the human ATP-binding cassette transport 1 (hABC1): evidence
of sterol-dependent regulation in macrophages. 

 

Biochem. Biophys.
Res. Commun.

 

 

 

257:

 

 29–33.
2. Lawn, R. M., D. P. Wade, M. R. Garvin, X. Wang, K. Schwartz, J. G.

Porter, J. J. Seilhamer, A. M. Vaughan, and J. F. Oram. 1999. The
Tangier disease gene product ABC1 controls the cellular apolipo-
protein-mediated lipid removal pathway. 

 

J. Clin. Invest.

 

 

 

104:

 

 R25–
R31.

3. Repa, J. J., S. D. Turley, J. A. Lobaccaro, J. Medina, L. Li, K. Lustig,
B. Shan, R. A. Heyman, J. M. Dietschy, and D. J. Mangelsdorf.
2000. Regulation of absorption and ABC1-mediated efflux of cho-
lesterol by RXR heterodimers. 

 

Science.

 

 

 

289:

 

 1524–1529.
4. Venkateswaran, A., B. A. Laffitte, S. B. Joseph, P. A. Mak, D. C. Wil-

pitz, P. A. Edwards, and P. Tontonoz. 2000. Control of cellular cho-
lesterol efflux by the nuclear oxysterol receptor LXR alpha. 

 

Proc.
Natl. Acad. Sci. USA.

 

 

 

97:

 

 12097–12102.
5. Oram, J. F., R. M. Lawn, M. R. Garvin, and D. P. Wade. 2000.

ABCA1 is the cAMP-inducible apolipoprotein receptor that medi-
ates cholesterol secretion from macrophages. 

 

J. Biol. Chem.

 

 

 

275:

 

34508–34511.
6. Abe-Dohmae, S., S. Suzuki, Y. Wada, H. Aburatani, D. E. Vance,

and S. Yokoyama. 2000. Characterization of apolipoprotein-medi-
ated HDL generation induced by cAMP in a murine macrophage
cell line. 

 

Biochemistry.

 

 

 

39:

 

 11092–11099.
7. Takahashi, Y., M. Miyata, P. Zheng, T. Imazato, A. Horwitz, and J. D.

Smith. 2000. Identification of cAMP analogue inducible genes in
RAW264 macrophages. 

 

Biochim. Biophys. Acta.

 

 

 

1492:

 

 385–394.
8. Oram, J. F., and A. M. Vaughan. 2000. ABCA1-mediated transport

Fig. 3. Cellular localization of the ABCA1 transporter. Fluores-
cence microscopy of living CHO cells in culture expressing an
ABCA1-GFP fusion protein reveals that the ABCA1 transporter re-
sides on the cell surface (arrowheads) and in endocytic vesicles
(arrows). ABCA1 at these sites appears to function in cellular lipid
efflux (57).

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


 

1344 Journal of Lipid Research

 

Volume 42, 2001

 

of cellular cholesterol and phospholipids to HDL apolipoproteins.

 

Curr. Opin. Lipidol.

 

 

 

11:

 

 253–260.
9. Chinetti, G., S. Lestavel, V. Bocher, A. T. Remaley, B. Neve, I. P.

Torra, E. Teissier, A. Minnich, M. Jaye, N. Duverger, H. B. Brewer,
J. C. Fruchart, V. Clavey, and B. Staels. 2001. PPAR-alpha and
PPAR-gamma activators induce cholesterol removal from human
macrophage foam cells through stimulation of the ABCA1 path-
way. 

 

Nat. Med.

 

 

 

7:

 

 53–58.
10. Chawla, A., W. A. Boisvert, C. H. Lee, B. A. Laffitte, Y. Barak, S. B.

Joseph, D. Liao, L. Nagy, P. A. Edwards, L. K. Curtiss, R. M. Evans,
and P. Tontonoz. 2001. A PPAR gamma-LXR-ABCA1 pathway in
macrophages is involved in cholesterol efflux and atherogenesis.

 

Mol. Cell.

 

 

 

7:

 

 161–171.
11. Panousis, C. G., and S. H. Zuckerman. 2000. Interferon-gamma

induces downregulation of Tangier disease gene (ATP-binding-
cassette transporter 1) in macrophage-derived foam cells. 

 

Arterio-
scler. Thromb. Vasc. Biol.

 

 

 

20:

 

 1565–1571.
12. Remaley, A. T., S. Rust, M. Rosier, C. Knapper, L. Naudin, C.

Broccardo, K. M. Peterson, C. Koch, I. Arnould, C. Prades, N.
Duverger, H. Funke, G. Assmann, M. Dinger, M. Dean, G. Chimini,
S. Santamarina-Fojo, D. S. Fredrickson, P. Denefle, and H. B.
Brewer, Jr. 1999. Human ATP-binding cassette transporter 1
(ABC1): genomic organization and identification of the genetic
defect in the original Tangier disease kindred. 

 

Proc. Natl. Acad. Sci.
USA.

 

 

 

96:

 

 12685–12690.
13. Santamarina-Fojo, S., K. Peterson, C. Knapper, Y. Qiu, L. Freeman,

J-F. Cheng, J. Osorio, A. Remaley, X. P. Yang, C. Haudenschild, C.
Prades, G. Chimini, E. Blackmon, T. Francois, N. Duverger, E. M.
Rubin, M. Rosier, P. Denefle, D. S. Fredrickson, and H. B. Brewer,
Jr. 2000. Complete genomic sequence of the human ABCA1 gene:
analysis of the human and mouse ATP-binding cassette A pro-
moter. 

 

Proc. Natl. Acad. Sci. USA.

 

 

 

97:

 

 7987–7992.
14. Schwartz, K., R. M. Lawn, and D. P. Wade. 2000. ABC1 gene ex-

pression and apoA-I-mediated cholesterol efflux are regulated by
LXR. 

 

Biochem. Biophys. Res. Commun.

 

 

 

274:

 

 794–802.
15. Costet, P., Y. Luo, N. Wang, and A. R. Tall. 2000. Sterol-dependent

transactivation of the ABC1 promoter by the liver X receptor/
retinoid X receptor. 

 

J. Biol. Chem.

 

 

 

275:

 

 28240–28245.
16. Cavelier, L. B., Y. Qui, J. K. Bielicki, V. Afzal, J-F. Cheng, and E. M.

Rubin. 2001. Regulation and activity of the human ABCA1 gene in
transgenic mice. 

 

J. Biol. Chem.

 

 

 

276:

 

 18046–18051.
17. Yang, X., L. Freeman, K. Peterson, C. Knapper, A. Remaley, T.

Francois, E. Blackmon, N. Duverger, P. Denefle, H. B. Brewer, Jr.,
and S. Santamarina-Fojo. 2000. The human ABCA1 gene and pro-
moter: regulation of human ABCA1 gene expression by choles-
terol. 

 

Circulation.

 

 

 

102: 

 

II-310 (Abstract).
18. Schmitz, G., and T. Langmann. 2001. Structure, function and reg-

ulation of the ABC1 gene product. 

 

Curr. Opin. Lipidol.

 

 

 

12:

 

 129–
140.

19. Porsch-Ozcurumez, M., T. Langmann, S. Heimerl, H. Borsukova,
W. E. Kaminski, W. Drobnik, C. Honer, C. Schumacher, and G.
Schmitz. 2001. The zinc finger protein 202 (ZNF202) is a tran-
scriptional repressor of ABCA1 and ABCG1 gene expression: mod-
ulation of cellular lipid efflux. 

 

J. Biol. Chem.

 

 

 

276:

 

 12427–12433.
20. Monaco, C., M. H. Citerich, E. Caprini, I. Vorechovsky, G. Russo,

C. M. Croce, G. Barbanti-Brodano, and M. Negrini. 1998. Molecu-
lar cloning and characterization of NZF202: a new gene at 11q23.3
encoding testis-specific zinc finger proteins. 

 

Genomics.

 

 

 

52:

 

 358–
362.

21. Oram, J. F., and S. Yokoyama. 1996. Apolipoprotein-mediated re-
moval of cellular cholesterol and phospholipids. 

 

J. Lipid Res.

 

 

 

37:

 

2473–2491.
22. Hamon, Y., C. Broccardo, O. Chambenoit, M. F. Luciani, F. Toti, S.

Chaslin, J. M. Freyssinet, P. F. Devaux, J. McNeish, D. Marguet, and
G. Chimini. 2000. ABC1 promotes engulfment of apoptotic cells
and transbilayer redistribution of phosphatidylserine. 

 

Nat. Cell
Biol.

 

 

 

2:

 

 399–406.
23. Chambenoit, O., Y. Hamon, D. Marguet, H. Rigneault, M. Rosse-

neu, and G. Chimini. 2001. Specific docking of apolipoprotein A-I
at the cell surface requires a functional ABCA1 transporter. 

 

J. Biol.
Chem.

 

 

 

276:

 

 9955–9960.
24. Remaley, A. T., J. A. Stonik, S. J. Demosky, E. B. Neufeld, A. V.

Bocharov, T. G. Vishnyakova, T. L. Eggerman, A. P. Patterson, N. J.
Duverger, S. Santamarina-Fojo, and H. B. Brewer, Jr. 2001.
Apolipoprotein specificity for lipid efflux by the human ABCA1
transporter. 

 

Biochem. Biophys. Res. Commun.

 

 

 

280:

 

 818–823.
25. Oude Elferink, R. P., and A. K. Groen. 2000. Mechanisms of biliary

lipid secretion and their role in lipid homeostasis. 

 

Semin. Liver Dis.

 

20:

 

 293–305.
26. Poznansky, M., and Y. Lange. 1976. Transbilayer movement of cho-

lesterol in dipalmitoyllecithin-cholesterol vesicles. 

 

Nature.

 

 

 

259:

 

420–421.
27. Lange, Y., J. Dolde, and T. L. Steck. 1981. The rate of transmem-

brane movement of cholesterol in the human erythrocyte. 

 

J. Biol.
Chem.

 

 

 

256:

 

 5321–5323.
28. Schroeder, F., J. R. Jefferson, A. B. Kier, J. Knittel, T. J. Scallen,

W. G. Wood, and I. Hapala. 1991. Membrane cholesterol dynam-
ics: cholesterol domains and kinetic pools. 

 

Proc. Soc. Exp. Biol. Med.

 

196:

 

 235–252.
29. Lecompte, M. F., A. C. Bras, N. Dousset, I. Portas, R. Salvayre, and

M. Ayrault-Jarrier. 1998. Binding steps of apolipoprotein A-I with
phospholipid monolayers: adsorption and penetration. 

 

Biochemis-
try.

 

 

 

37:

 

 16165–16171.
30. Fielding, P. E., K. Nagao, H. Hakamata, G. Chimini, and C. J. Fielding.

2000. A two-step mechanism for free cholesterol and phospholipid
efflux from human vascular cells to apolipoprotein A-1. 

 

Biochemistry.

 

39:

 

 14113–14120.
31. Forte, T. M., J. K. Bielicki, R. Goth-Goldstein, J. Selmek, and M. R.

McCall. 1995. Recruitment of cell phospholipids and cholesterol
by apolipoprotein A-II and A-I: formation of nascent apolipopro-
tein-specific HDL that differ in size, phospholipid composition,
and reactivity with LCAT. 

 

J. Lipid Res.

 

 

 

36:

 

 148–157.
32. Tong, M. F., and A. Kuksis. 1986. Effect of acidic phospholipids on

apolipoprotein binding by artificial lipid particles in vivo. 

 

Biochem.
Cell Biol.

 

 

 

64:

 

 836–846.
33. Wang, N., D. L. Silver, C. Thiele, and A. R. Tall. 2001. ABCA1 func-

tions as a cholesterol efflux regulatory protein. 

 

J. Biol. Chem. 276:
23742–23747. 

34. Ambudkar, S. V., I. H. Lelong, J. Zhang, and C. Cardarelli. 1998.
Purification and reconstitution of human P-glycoprotein. Methods
Enzymol. 292: 492–504.

35. Nikaido, H., and J. A. Hall. 1998. Overview of bacterial ABC trans-
porter. Methods Enzymol. 292: 3–20.

36. Babenko, A. P., L. Aguilar-Bryan, and J. Bryan. 1998. A view of sur/
KIR6.X, KATP channels. Annu. Rev. Physiol. 60: 667–687.

37. Fielding, C. J., and P. E. Fielding. 2000. Cholesterol and caveolae:
structural and functional relationships. Biochim. Biophys. Acta.
1529: 210–222.

38. Fielding, P. E., and C. J. Fielding. 1995. Plasma membrane caveolae
mediate the efflux of cellular free cholesterol. Biochemistry. 34:
14288–14292.

39. Arakawa, R., S. Abe-Dohmae, M. Asai, J. I. Ito, and S. Yokoyama.
2000. Involvement of caveolin-1 in cholesterol enrichment of high
density lipoprotein during its assembly by apolipoprotein and
THP-1 cells. J. Lipid Res. 41: 1952–1962.

40. Mendez, A. J., G. Lin, D. P. Wade, R. M. Lawn, and J. F. Oram.
2001. Membrane lipid domains distinct from cholesterol/sphingo-
myelin-rich rafts are involved in the ABCA1-mediated lipid secre-
tory pathway. J. Biol. Chem. 276: 3158–3166.

41. Chimini, G., and P. Chavrier. 2000. Function of Rho family pro-
teins in actin dynamics during phagocytosis and engulfment. Nat.
Cell Biol. 2: E191–E196.

42. Utech, M., G. Hobbel, S. Rust, H. Reinecke, G. Assmann, and M.
Walter. 2001. Accumulation of RhoA, RhoB, RhoG, and Rac 1 in
fibroblasts from Tangier disease subjects suggests a regulatory role
of Rho family proteins in cholesterol efflux. Biochem. Biophys. Res.
Commun. 280: 229–236.

43. Hirano, K., F. Matsuura, K. Tsukamoto, Z. Zhang, A. Matsuyama,
K. Takaishi, R. Komuro, T. Suehiro, S. Yamashita, Y. Takai, and Y.
Matsuzawa. 2000. Decreased expression of a member of the Rho
GTPase family, Cdc42Hs, in cells from Tangier disease—the small
G protein may play a role in cholesterol efflux. FEBS Lett. 484:
275–279.

44. Segrest, J. P., M. K. Jones, H. De Loof, C. G. Brouilette, Y. V. Ven-
katachalapathi, and G. M. Anantharamaiah. 1992. The amphi-
pathic helix in the exchangeable apolipoproteins: a review of sec-
ondary structure and function. J. Lipid Res. 33: 141–166.

45. Mendez, A. J., G. M. Anantharamaiah, J. P. Segrest, and J. F. Oram.
1994. Synthetic amphipathic helical peptides that mimic apolipopro-
tein A-I in clearing cellular cholesterol. J. Clin. Invest. 94: 1698–1705.

46. Gillotte, K. L., M. Zaiou, S. Lund-Katz, G. M. Anantharamaiah, P.
Holvoet, A. Dhoest, M. N. Palgunachari, J. P. Segrest, K. H. Weis-
graber, G. H. Rothblat, and M. C. Phillips. 1999. Apolipoprotein-
mediated plasma membrane microsolubilization. Role of lipid

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Santamarina-Fojo et al. Regulation of ABCA1 1345

affinity and membrane penetration in the efflux of cellular choles-
terol and phospholipid. J. Biol. Chem. 274: 2021–2028.

47. Kardassis, D., M. Laccotripe, I. Talianidis, and V. Zannis. 1996.
Transcriptional regulation of the genes involved in lipoprotein
transport. The role of proximal promoters and long-range regula-
tory elements and factors in apolipoprotein gene regulation.
Hypertension. 27: 980–1008.

48. Hargrove, G. M., A. Junco, and N. C. Wong. 1999. Hormonal regu-
lation of apolipoprotein AI. J. Mol. Endocrinol. 22: 103–111.

49. Asztaols, B. F., and P. S. Roheim. 1995. Presence and formation of
‘free apolipoprotein A-I-like’ particles in human plasma. Arterio-
scler. Thromb. Vasc. Biol. 15: 1419–1423.

50. Neary, R. H., and E. Gowland. 1987. Stability of free apolipo-
protein A-1 concentration in serum, and its measurement in nor-
mal and hyperlipidemic subjects. Clin. Chem. 33: 1163–1169.

51. Sparks, D. L., W. S. Davidson, S. Lund-Katz, and M. C. Phillips.
1995. Effects of the neutral lipid content of high density lipopro-
tein on apolipoprotein A-I structure and particle stability. J. Biol.
Chem. 270: 26910–26917.

52. Rye, K. A., M. A. Clay, and P. J. Barter. 1999. Remodelling of high
density lipoproteins by plasma factors. Atherosclerosis. 145: 227–238.

53. Rye, K. A., and M. N. Duong. 2000. Influence of phospholipid de-
pletion on the size, structure, and remodeling of reconstituted
high density lipoproteins. J. Lipid Res. 41: 1640–1650.

54. Liang, H. Q., K. A. Rye, and P. J. Barter. 1995. Cycling of apolipo-
protein A-I between lipid-associated and lipid-free pools. Biochim.
Biophys. Acta. 1257: 31–37.

55. Wang, N., D. L. Silver, P. Costet, and A. R. Tall. 2000. Specific bind-
ing of apoA-I, enhanced cholesterol efflux, and altered plasma
membrane morphology in cells expressing ABC1. J. Biol. Chem.
275: 33053–33058.

56. Orso, E., C. Broccardo, W. E. Kiminski, A. Bottcher, G. Liebisch,
W. Drobnik, A. Gotz, O. Chambenoit, W. Diederich, T. Langmann,
T. Spruss, M. F. Luciani, G. Rothe, K. J. Lackner, G. Chimini, and
G. Schmitz. 2000. Transport of lipids from golgi to plasma mem-

brane is defective in tangier disease patients and Abc1-deficient
mice. Nat. Genet. 24: 192–196.

57. Neufeld, E. B., A. T. Remaley, and S. J. Demosky. Jr., J. A. Stonik,
A. M. Cooney, M. Comly, N. K. Dwyer, M. Zhang, J. Blanchette-
Mackie, S. Santamarina-Fojo, and H. B. Brewer, Jr. 2001. Cellular
localization and trafficking of the human ABCA1 transporter. J.
Biol. Chem. 276: 27584–27590.

58. Fitzgerald, M. L., A. J. Mendez, K. J. Moore, L. P. Andersson, H. A.
Panjeton, and M. W. Freeman. 2001. ABCA1 contains an N-termi-
nal signal-anchor sequence that translocates the protein’s first hy-
drophilic domain to the exoplasmic space. J. Biol. Chem. 276:
15137–15145.

59. Oram, J. F., A. J. Mendez, J. P. Slotte, and T. F. Johnson. 1991. High
density lipoprotein apolipoproteins mediate removal of sterol
from intracellular pools but not from plasma membranes of cho-
lesterol-loaded fibroblasts. Arteriosclerosis. 11: 403–414.

60. Bielicki, J. K., W. J. Johnson, R. B. Weinberg, J. M. Glick, and G. H.
Rothblat. 1992. Efflux of lipid from fibroblasts to apolipoproteins:
Dependence on elevated levels of cellular unesterified cholesterol.
J. Lipid Res. 33: 1699–1709.

61. Takahashi, Y., and J. D. Smith. 1999. Cholesterol efflux to apolipo-
protein AI involves endocytosis and resecretion in a calcium-
dependent pathway. Proc. Natl. Acad. Sci. USA. 96: 11358–11363.

62. Heeren, J., W. Weber, and U. Beisiegel. 1999. Intracellular process-
ing of endocytosed triglyceride-rich lipoproteins comprises both
recycling and degradation. J. Cell Sci. 112: 349–359.

63. Zhou, C., L. Zhao, N. Inagaki, J. Guan, S. Nakajo, T. Hirabayashi,
S. Kikuyama, and S. Shioda. 2001. ATP-binding cassette transport
ABC2/ABCA2 in the rat brain: a novel mammalian lysosome-
associated membrane protein and a specific marker for oligoden-
drocytes but not for myelin sheaths. J. Neurosci. 21: 849–857.

64. Zhang, F., W. Zhang, L. Liu, C. L. Fisher, D. Hui, S. Childs, K.
Dorovini-Zis, and V. Ling. 2000. Characterization of ABCB9, an
ATP binding cassette protein associated with lysosomes. J. Biol.
Chem. 275: 23287–23294.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

