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Abstract It is widely believed that HDL functions to transport
cholesterol from peripheral cells to the liver by reverse choles-
terol transport, a pathway that may protect against atheroscle-
rosis by clearing excess cholesterol from arterial cells. A cellu-
lar ATP-binding cassette transporter (ABC) called ABCAl
mediates the first step of reverse cholesterol transport: the
transfer of cellular cholesterol and phospholipids to lipid-poor
apolipoproteins. Mutations in ABCAl cause Tangier disease
(TD), a severe HDL deficiency syndrome characterized by ac-
cumulation of cholesterol in tissue macrophages and prevalent
atherosclerosis. Studies of TD heterozygotes revealed that
ABCAL activity is a major determinant of plasma HDL levels
and susceptibility to CVD. Drugs that induce ABCA1 in mice in-
crease clearance of cholesterol from tissues and inhibit intesti-
nal absorption of dietary cholesterol. Multiple factors related
to lipid metabolism and other processes modulate expression
and tissue distribution of ABCA1.Bl Therefore, as the primary
gatekeeper for eliminating tissue cholesterol, ABCAIl has a
major impact on cellular and whole body cholesterol metabolism
and is likely to play an important role in protecting against car-
diovascular disease.—Oram, J. F.,, and R. M. Lawn. ABCA1I: the
gatekeeper for eliminating excess tissue cholesterol. J. Lipid
Res. 2001. 42: 1173-1179.
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Numerous population studies have shown an inverse
correlation between plasma HDL levels and risk for car-
diovascular disease (CVD), implying that factors associ-
ated with HDL protect against atherosclerosis. Some of these
factors appear to have antioxidant and anti-inflammatory
effects (1), which may ablate processes that initiate
atherogenesis. The most widely accepted view, however, is
that HDL is atheroprotective because of its role in reverse
cholesterol transport (2).

REVERSE CHOLESTEROL TRANSPORT AND ABCA1

Reverse cholesterol transport is a metabolic pathway
whereby excess cholesterol in peripheral tissues is trans-
ported to the liver for elimination from the body (3). The

model in Fig. 1 illustrates some of the processes involved
in this pathway [reviewed in (4)]. The liver produces
lipid-poor apolipoprotein (apo)A-I that circulates to pe-
ripheral cells and picks up cholesterol and phospholipids.
A fraction of this apoA-I may also interact with hepato-
cytes and acquire lipids before exiting the portal circula-
tion. By a complex series of steps involving acquisition of
more lipids and proteins and esterification of cholesterol,
this partially lipidated apoA-I matures into spherical parti-
cles that represent the bulk of HDL. These particles are
processed and remodeled by the combined actions of cho-
lesteryl ester transfer protein, phospholipid transfer protein,
scavenger receptor Bl, and hepatic lipase, which transfer
HDL cholesteryl esters to other lipoproteins and cells and
regenerate lipid-poor apoA-I.

The gatekeeper of this reverse cholesterol transport
pathway is an ATP-binding cassette (ABC) transporter
called ABCAI (5-11), a 2,261-amino acid integral mem-
brane protein. ABC transporters are a superfamily of pro-
teins that use ATP as a source of energy to transport sub-
strates between different cellular compartments and from
the cell (12, 13). ABC transporters are defined by the
presence of nucleotide-binding domains containing two
conserved peptide motifs known as Walker A and Walker
B that are present in many proteins that utilize ATP (14).
ABC transporters also have a unique amino acid signature
between the two Walker motifs, which defines the family.
ABC transporters are integrated into the membrane by
domains containing six transmembrane helices. The mini-
mum requirement for an active ABC transporter is two
nucleotide-binding and two 6-helix transmembrane do-
mains. The Human Gene Nomenclature Committee re-
cently divided the ABC transporters into eight alphabet-
ized (A-H) subfamilies based on their amino acid
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LXR, liver X receptor; RXR, retinoid X receptor; PPAR, peroxisome
proliferator-activated receptor.

!'To whom correspondence should be addressed.

e-mail: joram@u.washington.edu

Journal of Lipid Research Volume 42, 2001 1173

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

JOURNAL OF LIPID RESEARCH

I

Catabolism
Kidney(?)

Maturation

LIVER Processing LCAT .
CETP
PLTP PERIPHERAL
SR-B1 TISSUE
HL
B Catabolism
Kidney(?)

LIVER

PERIPHERAL
TISSUE

Fig. 1. A: Model for the major steps in reverse cholesterol transport. B: Consequences of a nonfunctional
ABCALI, as in Tangier disease. C, Free cholesterol; CE, cholesteryl esters; HL, hepatic lipase; LCAT, lysoleci-
thin-cholesterol acyltransferase; PL, phospholipid; PLTP, phospholipid transfer protein; SR-B1, scavenger re-

ceptor B1.

sequences. In the case of the ABCAs, a single polypeptide
chain encodes for the two transmembrane and the two
nucleotide-binding domains (Fig. 2). The ABCAs, unlike
other ABC transporters, also have a regulatory domain be-
tween the two halves of the protein that contains a highly
hydrophobic segment (15).

ABCALI transports cellular cholesterol and phospholipids
(mostly phosphatidylcholine) to cell surface-bound apolipo-
proteins (4, 16—-18). This protein therefore represents the
first and rate-controlling step in the reverse cholesterol
transport pathway. Knowledge of how ABCAI functions is
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still in its early stage of development. Although the struc-
ture of ABCA1 is unknown, electron microscopic analysis
has suggested a structural model for a closely related ABC
transporter called P-glycoprotein (19). This model pre-
dicts that the two membrane-spanning domains form a
large aqueous chamber in the plasma membrane that
opens through pores on the cell surface and within the
membrane lipid phase (Fig. 3). Because the chamber
does not open to the cytosol, P-glycoprotein is believed
to act as a “floppase” by translocating lipophilic com-
pounds from the inner aspect of the plasma membrane

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

JOURNAL OF LIPID RESEARCH

I

extracellular

intracellular

regulatory

domain

COOH

nucleotide (ATP)
binding domain

Fig. 2. The predicted structure of ABCAl. The membrane topography model is revised from ref. (71).

into the aqueous environment of the ABC transporter
chamber. Both the cellsurface and inner membrane
pores are estimated to be relatively large (2—3 nm), allow-
ing for simultaneous translocation of multiple molecules.
This may explain why the ABCA1 pathway generates dif-
fuse and irregular structures that protrude from the
plasma membrane and interact with apolipoproteins (20).
The ABC transporter MDR3 P-glycoprotein, which has a
similar lipid transport function as ABCA1, also forms vesi-
cles that protrude from the plasma membrane (21).
Because cholesterol is an integral and necessary mem-
brane component, it is likely that ABCA1 targets specific
pools of excess cellular cholesterol for secretion. Its is still
unclear what mechanisms are involved in this process, but

studies have shown that the interaction of apolipoproteins
with cholesterol-loaded cells stimulates translocation of
free cholesterol away from intracellular esterifying en-
zymes (o sites accessible to apolipoproteins (22-27) that
presumably contain ABCAI. The properties of these
ABCAI membrane domains are unknown, but they differ
from cholesterol- and sphingolipid-rich rafts that contain
caveolae (28). As one possible mechanism, the interaction
of apolipoproteins with ABCA1 or a partner protein stim-
ulates translocation of intracellular cholesterol and phos-
pholipids from the Golgi to plasma-membrane ABCAI by
a signal-responsive vesicular transport pathway (Fig. 3). As
another possibility, ABCAl-containing vesicles travel to
intracellular lipid deposits, ABCAI pumps lipids into the

Fig. 3. Model for the cellular ABCALI lipid secretory pathway.
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vesicle lumen, and the vesicles transport their lipid cargo
back to the plasma membrane (10, 29). Either mechanism
would provide a rapid and effective means of ridding cells
of excess cholesterol.

DEFECTIVE ABCA1

Mutations in ABCA1 cause a severe HDL deficiency syn-
drome called Tangier disease (TD) (5-8, 11, 30-32).
Lipid-free apolipoproteins are unable to remove choles-
terol and phospholipids from fibroblasts isolated from TD
patients (33, 34), consistent with a defective ABCAL. Pre-
senting features of TD include large yellow-orange tonsils,
neuropathies, splenomegaly, hepatomegaly, ocular abnor-
malities, hypocholesterolemia, and CVD (35). Homozy-
gotes have a virtual absence of plasma HDL and apoA-I,
low plasma LDL levels (~40% normal), and hypertriglyc-
eridemia (>300 mg/dl). They are characterized by an ac-
cumulation of cholesteryl esters in reticuloendothelial
cells of tissues including tonsils, thymus, lymph node, bone
marrow, spleen, liver, gall bladder, and intestinal mucosa.
Many patients also have lipid deposits in neuronal
Schwann cells, smooth muscle cells, and fibroblasts.

Targeted disruption of the Abcal gene in mice produces
a phenotype similar to that of human TD (36-38). The
absence of ABCAI in mice leads to accumulation of ste-
rols in some tissues, but no one has yet determined
whether this also enhances atherogenesis. Interestingly,
inactivation of the Abcal gene increases absorption of di-
etary cholesterol, suggesting that ABCAI may facilitate re-
secretion of cholesterol into the intestinal lumen. Thus,
ABCAI may also suppress the flux of dietary cholesterol
into the body, providing another protective mechanism
against excess cholesterol.

The Wisconsin Hypoalpha Mutant (WHAM) chicken is
a naturally occurring animal model of TD (11, 39).
ABCAL in these chickens has a missense mutation near
the N-terminus that produces a defective protein. Similar
to human TD patients and ABCAl knockout mice, the
WHAM chicken hypercatabolizes apoA-I and accumulates
cholesteryl esters in tissues. The most severe lipid accumu-
lation occurs in hepatic parenchymal and intestinal epi-
thelial cells.

ABCA1, HDL, AND CVD

Studies of TD patients and animal models indicate that
loss-of-function mutations in ABCA1 have a major impact
on lipoprotein metabolism. A failure to lipidate apolipo-
proteins by the ABCAIl pathway leads to a rapid catabo-
lism of lipid-poor apoA-I (Fig. 1B) (40, 41) and accumula-
tion of sterols in tissue macrophages, intestinal cells, and
hepatocytes (11, 35, 42). This implies that ABCAI activity
is a major determinant of plasma HDL levels. Studies of
TD heterozygotes further support this conclusion. As a
group, heterozygotes have approximately half-normal
plasma HDL levels and cholesterol efflux activity when
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measured in their cultured fibroblasts (43-45). Moreover,
the relative activity of this efflux pathway significantly cor-
relates with both the concentration and size of plasma
HDL particles (44, 45). One study (45) showed that com-
pared with unaffected family members, ABCA1 heterozy-
gotes and homozygotes have more prevalent and severe
atherosclerosis and an earlier onset of disease. These find-
ings implicate ABCALI activity as a major factor contribut-
ing to the inverse relationship between HDL levels and
CVD observed in the general population.

REGULATION AND TISSUE EXPRESSION OF ABCA1

As befitting a protein that is a key modulator of cellular
sterol homeostasis, the regulation of the ABCAIl gene is
highly tuned to respond to appropriate stimuli. The apoA-I-
mediated cholesterol efflux from cultured macrophages
and fibroblasts increases upon cholesterol loading and in-
hibition of cell proliferation (4, 46—48), and ABCA1 gene
transcription responds in a similar manner (8, 49). Hence,
the elucidation of control elements of the ABCAI gene has
become a topic of basic and applied biomedical interest.

The human ABCAI1 gene comprises 50 exons spanning
150 kb (50). Primer extension and rapid amplification of
c¢DNA ends (5" RACE) cloning identified two mRNA start
sites within 100 nucleotides in RNA derived from human
monocytes, fibroblasts, and placenta, defining two 5’ non-
coding exons of the human ABCAI gene (50-53). Isola-
tion of genomic clones surrounding these start sites re-
vealed TATAA boxes and other putative control elements.
Deletion, mutagenesis, and transfection of luciferase re-
porter constructs revealed that a region of ~1,500 bp im-
mediately upstream of the transcription start site was suffi-
cient to allow enhancement of ABCAIl transcription in
response to macrophage exposure to acetylated LDL (52,
53). A major finding was the presence of a direct repeat
response element (DR-4) for the nuclear hormone recep-
tor liver X receptor (LXR). This sequence binds the het-
erodimer receptor pair, LXR and retinoid X receptor
(RXR), and mutation of this site abolishes sterol-mediated
activation of the promoter (52-54). LXR and RXR bind
and are activated by oxysterols and 9-cis-retinoic acid, re-
spectively (Fig. 4) (55). To induce gene expression, these
ligands can activate transcription either separately or to-
gether. Treatment of cells either with a hydroxycholes-
terol or 9-cis-retinoic acid induces ABCA1, but their com-
bined treatment has marked synergistic effects (52, 53).
Because treatment of cells with oxysterol-free cholesterol
induces ABCAL, cells must contain mechanisms for gener-
ating oxysterols from cholesterol, an area of cell biology
still poorly understood.

In vivo studies in mice have confirmed that LXR is an
important regulator of ABCA1 gene expression (56). This
has ignited the search for LXR agonists as possible thera-
peutic agents to increase transcription of ABCA1 and the
beneficial flux of cholesterol from peripheral tissues. An-
other consequence of the presence of an LXR response
element in the ABCAI gene is the demonstration that the
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Fig. 4. Regulation of ABCAI gene transcription by oxysterols, reti-
noic acid, and PPAR activators. DR-4, direct repeat response element.

induction of cholesterol efflux from macrophages by per-
oxisome proliferator-activated receptor (PPAR) activators
is likely explained by the enhanced transcription of LXR-a
caused by activation of PPAR~y (Fig. 4) (57, 58). The pro-
posal that ABCAI reduces intestinal cholesterol uptake
has increased the prospects that such ligands would have
additional beneficial effects on cholesterol metabolism by
reducing absorption of dietary sterols. However, the re-
cent discovery that LXR induces lipogenic genes in the
liver and raises plasma triglycerides has dampened the prom-
ise of such drugs (59, 60).

It is likely that multiple factors related to lipid metabo-
lism and other cell-specific functions coordinate ABCA1
expression. For example, the zinc finger protein 202,
which regulates expression of various genes involved in
lipid metabolism and is linked to hypoalphalipoproteine-
mia, represses ABCAI expression (61). Moreover, analogs
of cAMP stimulate ABCA1 transcription in some cell lines,
particularly macrophages, even when depleted of choles-
terol (8, 48, 62-66). Interferon-y can repress ABCAl ex-
pression in macrophages (67), suggesting that inflamma-
tory cytokines may have local influences on the activity of
the ABCAL lipid secretory pathway.

Although ABCALI is highly expressed in macrophages
where it plays an obvious role in cholesterol secretion,
ABCAI mRNA is widely distributed among multiple tis-
sues including placenta, liver, brain, kidney, and intestine
(49). In situ hybridization studies showed that although in
many tissues, ABCA1 expression occurs in resident mac-
rophages, it may also play a role in cells lining vessels or
collecting ducts in several tissues (68). The observed 62%
increase in dietary cholesterol absorption in ABCAIL
knockout mice fed a high fat diet uncovered an unex-
pected role in modulating uptake of cholesterol from the
gut (37). In addition, treatment of mice with selective
LXR agonists significantly reduced the amount of intesti-
nal cholesterol absorption while increasing ABCAI mRNA
in the small intestine (56). However, the interpretation of
such pharmacological experiments has been complicated
by the discovery of other LXR target genes in the intestine
that are linked to cholesterol absorption and that, inci-
dentally, are also members of the ABC gene family (69).

Control elements of ABCAI1 transcription operative in
these different tissues are still incompletely understood.
One intriguing development is the discovery that hepato-
carcinoma Hep G-2 cells produce an alternately spliced
ABCA1 mRNA that utilizes a novel first exon (52, 70).
Even though ABCAI may transport lipids from hepato-
cytes to circulating apolipoproteins, it may also function
to lipidate newly synthesized apolipoproteins prior to se-
cretion. Such divergent functions might require unique
regulatory sequences located adjacent to alternative 5’
ends of the transcribed region.

CONCLUSION

Recent studies have established ABCAl as the gate-
keeper for modulating flux of tissue cholesterol into the
reverse cholesterol transport pathway. Because it pro-
motes cholesterol secretion from macrophages and may
inhibit absorption of dietary cholesterol, ABCA1 has be-
come an attractive target for drug development aimed at
preventing atherosclerosis. It is now apparent that multi-
ple factors related to lipid metabolism and, perhaps, other
cell-specific processes coordinate ABCA1 expression. Con-
tinuing studies of the ABCA1 gene must proceed to fully
understand its regulation and its varied impact on physio-
logical functions. i
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