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Abstract. Studies in the past years have implicated mul-
tispan transmembrane transport molecules of the ATP
binding cassette (ABC) transporter family in cellular
lipid export processes. The prototypic ABC transporter
ABCAT1 has recently been demonstrated to act as a major
facilitator of cellular cholesterol and phospholipid ex-
port. Moreover, the transporter ABCA4 (ABCR) plays a
pivotal role in retinaldehyde processing, and ABCA3 has
recently implicated in lung surfactant processing. These
pioneering observations have directed considerable atten-

tion to the A subfamily of ABC proteins. ABCA2 is the
codefining member of the ABC A-transporter subclass.
Although known for some time, it was not until recently
that its complete molecular structure was established.
Unlike other ABC A-subfamily members, ABCA2 is pre-
dominantly expressed in the brain and neural tissues. The
unique expression profile together with available struc-
tural data suggest roles for this largest known ABC pro-
tein in neural transmembrane lipid export.
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Introduction

ATP binding cassette (ABC) transporters constitute a su-
pergene family of multispan transmembrane proteins that
are evolutionarily highly conserved across species. These
molecules mediate the energy-dependent unidirectional
transmembrane transport of a multitude of specific hy-
drophilic and xenobiotic substrates [1—-3]. Typically,
ABC transporters are composed of two tandemly linked
functional units, each consisting of an ABC and a com-
plex transmembrane domain. Alternatively, they can form
dimers which consist of two half-size transporters that are
encoded by distinct genes [4]. Within the cell, ABC trans-
porters localize to the plasma membrane and a variety of
subcellular compartments, including peroxisomes, the
Golgi complex, endoplasmic reticulum, lamellar bodies
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and intracellular secretory vesicles. Substrates that are
transported by ABC molecules include lipids, peptides,
amino acids, carbohydrates, vitamins, ions, glucuronide
and glutathione conjugates, and xenobiotics [1, 4, 5].
Available information supports the view that ABC trans-
porters form multiunit complexes upon activation as
shown for SURI1, which is functionally associated with
the K* channel KIR6.1 and a potassium-sensitive Ca?"-
channel [6, 7]. The transporter CFTR binds with syntaxin
1 A, amember of the syntaxin family of membrane fusion
regulators [8], a sodium channel [9] and with the endo-
cytic adaptor complex AP-2 [10]. Moreover, it was shown
that CFTR physically interacts with the Na”/H" ex-
changer regulatory factor (NHERF) through PDZ do-
mains, a family of conserved protein-interaction modules
[11], suggesting that PDZ-dependent domain-specific
protein-protein interactions may be critical for the func-
tion of ABC proteins. It is thus conceivable that ABC
transporters, as integral components of membrane multi-
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unit complexes, are not necessarily restricted to serve one
defined function but are likely involved in a broad spec-
trum of biologic activities, depending on the specific as-
sembly of the functional complex and the biologic activ-
ities of their interaction partners.

The ABC A subfamily of transporters

Based on their structural homologies, ABC transporters
can be subdivided into seven distinct subclasses, denoted
ABC A—-G [3]. To date, a total of 12 genes have been as-
signed to the ABC A subclass. The complete coding re-
gions and genomic structures have been determined for
six transporters of this subfamily. Beside the prototypic
members ABCA1 [12, 13] and ABCA2 [12, 14-16],
these include ABCA3 [17], ABCR (ABCA4) [18],
ABCAG6 [19] and ABCA7 [20], respectively (table 1).
Among these ABC A molecules, ABCAG6 exhibits strik-
ingly fewer sequence similarities with the transporters
ABCA1 — ABCA4, and ABCA7, respectively, which
share significant amino acid homologies and are dis-
persed in the genome (table 1). ABCAG6 together with the
novel transporter ABCA9 [21; W. E. Kaminski et al., un-
published] and most likely other as yet uncharacterized
ABC A transporters may constitute a distinct subgroup
within the ABC A subfamily [unpublished] whose mem-
bers appear to localize to a common region on chromo-
some 17q24 [3].

Structural features of ABCA2
c¢DNA and genomic structure

ABCA2 (previously designated ABC2) was originally
codiscovered with ABCA1 (ABC1) in 1994 from embry-
onic mouse brain by Luciani and co-workers [12]. The
cloned murine ABCA2 complementary DNA (cDNA)
predicted a 1472 amino acid polypeptide bearing all fea-
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tures of a full-size ABC transporter. However, cloning of
rat ABCA2 revealed a full-length ¢cDNA encoding a
2434-amino acid molecule suggesting that a significant
part of the originally reported murine sequence at the 5
end was missing [16]. Recent cloning of ABCA2 cDNA
from human macrophages in our laboratory provided ev-
idence for the existence of an open reading frame coding
for a protein of 2436 amino acids [14]. These results,
which are in agreement with a more recent study that also
reports an open reading frame of 7308 bp [15], indicate
that ABCAZ2 is the as yet largest member of the human
ABC transporter family (table 1) (for a current synopsis
see http://nutrigene.4t.com/humanabc.htm).

Work from our laboratory revealed that the human
ABCA2 gene comprises 48 exons which are localized
within a genomic region of only 21 kb [14]. This contrasts
strikingly with the considerably larger genomic sizes re-
ported for other human ABC A transporters [19, 21-24]
(table 1) and also the gene sizes of full-size transporters
of other known ABC subfamilies that range from 74 kb
(MDR3) to 250 kb (CFTR) [25, 26]. The ABCA2 gene is
thus unique in that it not only encodes the largest ABC
molecule but also possesses the most condensed gene
structure among all known human full-size transporters.

Domain organization of ABCA2

The calculated model of ABCA2 predicts a polypeptide
that features 12 transmembrane segments which can be
subgrouped into two major transmembrane domains,
each consisting of 6 transmembrane regions that are fol-
lowed by nucleotide binding folds (NBFs) (fig. 1). This
configuration is similar to that predicted for ABCALI
[12], ABCR [18] and ABCA7 [20] and conforms to the
structural features reported for other full-size ABC trans-
porters. Based on recent topological data obtained for
ABCAL1 [27] and ABCR [28], one can postulate an anal-
ogous steric model for ABCA2. According to such a hy-
pothetical view, ABCA2 features two large extracellular
domains (domains I and IV). The largest predicted extra-

Table 1. Structural features of ABCA2 and other cloned transporters of the human ABC A subclass.

Transporter ABCA2 ABCA1 ABCA3 ABCR ABCAG6 ABCA7
(ABCA4)

Chromosome 9q34 9q22-q31 16p13.3 1p22.3-22.2 17q24 19p13.3

Gene size (kb) 21 149 ? 100 62 32

Exons 48 50 ? 50 38 46

Coding region (bp) 7308 6783 5115 6819 4851 6438

Amino acids 2436 2261 1704 2273 1617 2146

Amino acid homology 100 50 43 40 32 44

with ABCA2 (%)

Reference 14,15 13,22 17 18,24 19 20, 100
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Figure 1. (A4) Polypeptide structure and putative functional domains of ABCA2. Effector proteins with structural homologies to and po-
tential functional associations with ABCA2 are highlighted in boxes. Candidate glycosylation sites are shown for the two large extracellu-
lar domains (I, IV). NBE nucleotide binding folds; A, B, Walker A and B motifs; S, signature sequence. (B) Amino acid sequence of the
human ABCA2 N-terminus aligned with highly homologous members of the ABC A subfamily (in order of overall amino acid homology
with ABCA2). The N-terminal LLLWKN-heptapeptide present in all five ABC A transporters (gray shaded box) and the ABCA2-specific
WVLAF sequence (yellow box) are shown. The putative leader sequences are italicized, and their predicted cleavage sites highlighted by
arrows. The predicted first transmembrane domains are underlined. Amino acids are shown in the single letter code, gaps due to optimal
alignment are represented by dots. For the prediction of signal peptide cleavage sites and transmembrane domains, the SignalP software

and TMpred algorithm were used [30, 103].

cellular domain, which is localized close to the N-termi-
nus, consists of ~650 amino acids (domain I), whereas
the second largest extracellular region (domain IV) com-
prises 300 residues (fig. 1). A similar configuration has
been proposed for ABCAT1 and recently supported by ex-
perimental data [29]. Importantly, this study provides ev-
idence that the N-terminal 45 amino acids of ABCA1 are
cleaved off in the mature protein. By analogy, it is thus
possible that the same holds true for ABCAZ2. In fact, the
SignalP program [30] predicts a signal peptide for
ABCA2 with a cleavage site between residues 45 and
46. Whether this peptide sequence is indeed clipped off
in mature ABCA2 remains to be established in further
studies.

A heptapeptide motif (‘LLLWKN’, aa 9—14) close to the
ABCA2 N-terminus deserves specific attention because
it is present in all as yet cloned ABC A transporters with
the exception of ABCA6 and ABCA9, respectively [un-
published observations] (fig. 1B). Database search re-
vealed no homology to any known consensus sequences.

As suggested by the presence of a potential cleavage site
between residues 43 and 44, it is likely that the LLLWKN
sequence is part of the cleaved-off leader peptide se-
quence which controls the intracellular transport of
ABCA2 and other ABC A family members to organelles
or the plasma membrane. This is supported by the fact
that next to ABCA2 and ABCAI potential leader peptide
cleavage sites are also identifiable at correspond-
ing regions in the transporters ABCA7, ABCR and
ABCA3, respectively (fig. 1B). In addition to the LLL-
WKN consensus sequence, the ABCA2 N-terminal re-
gion contains a sequence (“WVLAF’), which is absent
from other ABC A subfamily members (fig. 1). Intrigu-
ingly, we found this motif in several G-protein-coupled
receptor molecules, including the adenosine A2b recep-
tor, the chemokine receptor-like 1, the histamine H4 re-
ceptor and the dopamine 3 receptor, respectively. In the
D3 receptor, which is highly expressed in the limbic sys-
tem, the WVLAF sequence is located in the center of a
domain referred to as G-protein-coupled receptor family
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2 profile. Presently, the role of the WVLAF motif is un-
known; however, given the likely involvement of ABCA2
in neural development and integrity (see below), it is
tempting to speculate that ABCA2 and the postsynaptic
D3 receptor [31] may interact with common interaction
partners and thus be functionally interlinked (fig. 1).
Immunoblot analyses from rat brain using a rabbit poly-
clonal antiserum revealed that mature ABCA2 migrates
as a single band of ~260-kDa size [16, 32]. This is in line
with another study reporting a band in the same size
range after transfection of HEK 293 cells with a human
ABCAZ2 construct [15]. Based on the assumption that ma-
ture ABCA2 comprises 2436 amino acids, one would ex-
pect that this transporter is glycosylated. In fact, 21 po-
tential glycosylation sites are identifiable in human
ABCAZ2 [15]. However, further work is required to iden-
tify the authentic glycosylation sites and their biologic
significance for ABCA2 function.

Expression of ABCAZ2 in tissues

ABCA2 messenger RNA (mRNA) is predominantly ex-
pressed in the brain; however, ABCA2 transcripts are also
found in kidney, liver, uterus, thymus and heart [12, 15,
16]. In addition, a multitude of tumor cells has been re-
ported to express ABCA2 transcripts. These include cell
lines derived from the skin, central nervous system
(CNS), lung, intestine, breast and the hematopoietic sys-
tem [15]. We could demonstrate ABCA2 expression in
peripheral blood monocytes and during monocyte differ-
entiation into macrophages [14, 33]. Moreover, human
ABCA2 mRNA expression is induced during cholesterol
import into macrophages, indicating that ABCA2 is a
cholesterol-responsive gene, which raises the possibility
that ABCA2 may be directly or indirectly involved in
cholesterol transport in these cells [14].

Analysis of the putative ABCA2 promoter region re-
vealed multiple potential binding sites for transcription
factors with roles in the differentiation and activation of
myeloid and neural cells [14]. For example, we identified
binding sites for Ets-2, a transactivator that has been im-
plicated in macrophage activation [34] and several target
sites for SP1, a transcription factor which is typically ex-
pressed in hematopoietic cells [35]. Interestingly, it has
been shown that SP1 can modulate the promoter activity
of the cholesterol-responsive transporter ABCAI, the
closest homolog of ABCA2 [36]. Moreover, target sites
for SP1 are also present in the cholesterol-sensitive half-
size transporter ABCG1 [36]. It is thus conceivable that
SP1 is a critical determinant of ABCA2 promoter activity
which may in part account for the observed sterol-re-
sponsive regulation of ABCA2 in human macrophages.
Unlike ABCA1 and ABCG1, however, ABCA2 appears
not to have canonical target sites for the nuclear receptor
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LXR, which has been implicated in sterol-responsive
gene regulation [37].

The predominant expression of ABCA2 in neural tissues
may have a structural basis in the presence of a variety of
‘neurotropic’ consensus elements in the ABCA2 pro-
moter region. For example, we identified a series of po-
tential binding sites for the transcription factors NF-1,
ETE, EGR2 and the Wilms’ tumor gene product WT1
within the ABCA2 upstream sequence. The transcription
factor NF-1 is highly expressed in the neocortex [38] and
has been implicated in the regulation of olfactory neuron
gene expression [39]. WT1 has recently been proposed to
play an important role in the differentiation of nerve cells
[40]. The expression of the transcription factor ETF is
strictly regulated during embryonal development and is
limited to tissues such as the hindbrain, strongly suggest-
ing that it is involved in gene regulation during neural de-
velopment [41]. The Cys2-His2 zinc-finger transcription
factor early growth response 2 gene (EGR2) [42], also re-
ferred to as Krox20, is believed to play a role in the regu-
lation of peripheral nervous system myelination. This is
supported by the observation that Krox20 (EGR2) null
mutant mice display hypomyelination of the peripheral
nervous system and a block of Schwann cells at an early
stage of differentiation [43]. Moreover, mutations in the
human EGR2 gene have recently been associated with in-
herited peripheral neuropathies, including congenital hy-
pomyelinating neuropathy, Charcot-Marie-Tooth type 1
disease and Dejerine-Sottas syndrome [44, 45]. In addi-
tion, the ABCA2 promoter contains several early growth
response 3 gene (EGR3)-like binding elements [46]. In
this context, it is of note that defective EGR3 has been as-
sociated with sensory ataxia and muscle spindle agenesis
in mice. These data emphasize the involvement of EGR
transcription factors in disorders characterized by neuro-
logic dysfunction [47].

Potential interaction partners of ABCA2

Besides the sterol-dependent regulation of ABCA2 and
the identification of promoter elements that are associ-
ated with sterol response, the presence of a lipocalin sig-
nature motif (GQGSRKLDGGWLKYV) at amino acid po-
sition 14241437 supports a role for ABCA2 in lipid
transport [15]. Lipocalins constitute a phylogenetically
conserved group of proteins which bind and transport
small hydrophobic molecules, including sterols, lipids,
bilins and retinoids [48—50]. These molecules share lim-
ited regions of sequence homology and a common ter-
tiary structure architecture which is characterized by an
eight-stranded antiparallel f barrel that forms a binding
pocket for small hydrophobic molecules [50]. To date,
more than 40 proteins containing a lipocalin signature
motif have been characterized. In the human system, mol-
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ecules that belong to the lipocalin family include, among
others, apolipoprotein D, prostaglandin D synthase, com-
plement component C8 y-chain and a-1-microglobulin.
Apolipoprotein D (apoD) is a member of the family of
bilin-binding protein, which was initially identified as a
constituent of plasma high-density lipoproteins [51]. It
functions as a transport protein for small hydrophobic
molecules, including sterols, steroid hormones and
arachidonic acid [52, 53]. Importantly, apoD is expressed
in peripheral and neural tissues [54—56] and upregulated
in neural injury, neuronal degeneration and regeneration.
For example, increased levels of apoD have been found in
Alzheimer disease [57] and in Niemann-Pick C deficient
mice, a cholesterol trafficking disease with progressive
neurodegeneration [58]. Although available information
suggests an involvement of apoD in the pathogenesis of
neurologic disorders, the physiological role of apoD
within the brain is unknown. Interestingly, a recent study
has shown that apoD is expressed in human oligodendro-
cyte precursor cells [59], suggesting a role for apoD in the
transport of sterols and small hydrophobic molecules in
the cortical glial cells. Moreover, the finding that apoD
associates with pref8 — high-density lipoprotein (HDL)
particles provides a potential interlink between HDL me-
tabolism and this apolipoprotein [60].

Prostaglandin D synthase is a major brain-derived protein
component of cerebrospinal fluid [61]. Notably,
meningeal macrophages have been shown to express
prostaglandin D synthase [62]. In these cells, pros-
taglandin D was detected in lysosomes, which may be
indicative of an uptake of the protein from the cere-
brospinal fluid. In addition, prostaglandin D synthase was
found to be expressed in oligodendrocytes [62, 63].

The complement component C8 y-chain, another protein
carrying a lipocalin signature motif, is located on 9q34.3
[64]. Notably, two other genes from the lipocalin fami-
ly, a-1-microglobulin and a-1-acid-glycoprotein (oroso-
mucoid) map to the same area, a locus to which
prostaglandin D synthase has also been assigned [65]. It
remains to be established whether the genomic clustering
of these lipocalin proteins and ABCA2 in the 9934 is re-
flective of functional associations.

Another molecule that is potentially functionally associ-
ated with ABCA2 comes from genomic information. In
an effort to explore the genomic microenvironment on
chromosome 9q34, in which ABCA?2 is positioned, we
searched human genome project draft sequences for the
presence of neighboring genes. Surprisingly, we found
that the gene coding for the chloride intracellular channel
3 (CLIC3) [66] is located immediately downstream of
ABCAZ2. The positioning of genes in tandem arrays or
gene clusters suggests their functional linkage and a com-
mon ancestry which has been proposed to originate from
primordial gene duplication events [67]. The CLIC gene
family has been implicated in chloride ion transport
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within various subcellular compartments. A recent study
reported association of the mitogen-activated protein
(MAP) kinase ERK7 and CLIC3 using a yeast two-hybrid
approach, and epitope-tagging experiments indicated that
CLIC3 is localized predominantly in the nucleus [66].
These data suggest a role for CLIC3 in the regulation of
cell proliferation; however, the definitive biologic func-
tion of this gene has as yet not been elucidated. Given the
highly dissimilar gene structures and predicted peptide
sequences of ABCA2 and CLIC3, it is unlikely that both
genes arose from a duplication event. Little information
is currently available on the expression of CLIC3 in tis-
sues. It appears not to be expressed in significant quanti-
ties in the brain. High expression, however, has been re-
ported in placenta and heart, and to a lesser degree in the
liver [66], tissues that also express ABCA2 [12, 15, 16].
It can thus not be ruled out that a functional and regula-
tory association exists between CLIC3 and ABCA2 in
these tissues. It will be challenging to investigate this in-
triguing possibility.

ABCAZ2 localizes to the lysosomal compartment
of oligodendrocytes

A recent study by Zhou and co-workers [32] provided ev-
idence that in rat brain ABCA2 is predominantly ex-
pressed in the white matter but also in the gray matter,
and ABCA2 expression appears to be restricted to oligo-
dendrocytes. The latter represent the glial cells that syn-
thesize myelin. ABCA2 was detectable in oligodendro-
cyte only in the cell body but not in myelin sheaths. Im-
portantly, it was shown that ABCA2 is associated with
lysosomes, suggesting a role for this transporter in the
endo-lysosomal compartment [32]. This membrane sys-
tem is enriched in highly glycosylated transmembrane
proteins. Lysosomal membrane proteins are translocated
along the secretory pathway and reach lysosomes indi-
rectly via the cell surface and endocytosis. Alternatively,
proteins can exit the trans-Golgi network in clathrin-
coated vesicles for direct delivery to endosomes and lyso-
somes [68]. Sorting from the Golgi or the plasma mem-
brane into the endosomal system is a tightly regulated
process that is mediated by signals encoded by the short
cytosolic domain of these proteins. Consistent with the
lysosomal localization of ABCA2, a cluster of lysosomal
targeting motifs is identifiable at the ABCA2 C-terminal
region [unpublished]. These recognition sites, which con-
form to the consensus YXX@ (Y is a tyrosine, X any
amino acid and @ is a bulky hydrophobic side chain such
as leucine, isoleucine, phenylalanine, methionine or va-
line), have been shown to mediate targeting of integral
membrane proteins to the endo-lysosomal system
[69—71]. In addition, two di-leucine (or isoleucine) mo-
tifs, which represent the second class of lysosomal and
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endosomal targeting signals [68], are localized close to
the ABCA2 C-terminus. It is noteworthy, however, that
both YXX @ and di-leucine motifs are also found in many
other ABC transporters which are not known to localize
to the endo-lysosomal compartment. Further studies are
required to determine to which extent these signal se-
quences are implicated in the lysosomal targeting of
ABCA2.

Besides ABCA2, another ABC transporter with unknown
function, the half-size transporter ABCB9, has recently
also been shown to localize to the lysosomal compart-
ment [72]. Interestingly, ABCBY, like ABCA2, is highly
expressed in brain and the spinal cord, raising the ques-
tion whether these transporter molecules have roles in a
common functional endo-lysosomal transport complex in
neural tissues. Another potential functional interplay may
exist between ABCA2 and apoD in oligodendrocytes.
This is based on the findings that both molecules are not
only expressed in oligodendrocytes [32, 59] but also
share a lipocalin domain. Because both proteins poten-
tially interact with small hydrophobic substrates via their
lipocalin signature sequence, this raises the attractive
possibility that they may cooperate synergistically in the
transmembrane transport of lipid compounds in oligo-
dendrocytes (fig. 1).

ABC transporters and human disease:
a role for ABCA2?

In the past 2 years, evidence has been provided that a
number of hereditary disorders affecting cellular lipid
transport processes are caused by genetic defects in ABC
transporters (table 2). For example, it was shown that mu-
tations in the ABC transporter genes MRP2, MDR3 and
BSEP account for Dubin-Johnson syndrome and sub-
forms of progressive familial intrahepatic cholestases
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(PFICs) [73—-75]. Another member of the MRP family,
ABCC6 (MRPO6), has recently been causatively linked to
pseudoxanthoma elasticum, a disease presenting with
skin abnormalities, visual defects and cardiovascular
manifestations [76—78]. Moreover, mutations in the
ALDP gene have been shown to cause the neurodegener-
ative disorder adrenoleukodystrophy, which is character-
ized by an impaired peroxisomal B-oxidation of very long
chain fatty acids [79]. An important link between ABC
transporters and the cellular cholesterol uptake machin-
ery was recently established by studies demonstrating
that mutations in the genes for ABCG5 and ABCGS8 are
the underlying cause of fS-sitosterolemia [80, 81]. This
rare autosomal recessive disorder is characterized by hy-
perabsorption of sterols, hypercholesterolemia, de-
creased biliary excretion of dietary sterols and premature
coronary atherosclerosis [82].

Within the ABCA subfamily, two members have recently
received considerable attention based on studies showing
causative linkage to human disease (table 2). Work from
our laboratory and others has demonstrated that ABCAL1
is a key regulator of systemic lipoprotein metabolism,
which is dysfunctional in genetic high-density lipopro-
tein (HDL)-deficiency syndromes [83—86]. At the cellu-
lar level ABCAL1 appears to function as a facilitator of
choline phospholipid and cholesterol export rather than a
bona fide transporter [87]. Mutations in the transporter
ABCR, which is predominantly expressed in the retina,
have been associated with a group of degenerative
retinopathies including Stargardt disease [18, 88], retini-
tis pigmentosa [89, 90], cone-rod dystrophy [89] and age-
related macular degeneration [91], respectively.

By analogy, it can thus be expected that ABCA?2 is also
causatively involved in the pathogenesis of monogenetic
human disorders. Of particular interest in this context are
clinical entities that have been assigned to 9934 and/or
are associated with neurologic phenotypes. Attractive

Table 2. ABC transporters involved in the transmembrane transport of cellular lipids or lipophilic compounds that are causatively linked

to human diseases.

ABC lipid transporter Associated disease Physiologic substrate References
ABCAL1 (ABC1) genetic HDL deficiency syndromes cholesterol, phospholipids 83-86
ABCA2 (ABC2) ? ?

ABCA4 (ABCR) Stargardt disease retinaldehyde 18
ABCA4 (ABCR) retinitis pigmentosa retinaldehyde 89, 90
ABCA4 (ABCR) cone-rod dystrophy retinaldehyde 89
ABCA4 (ABCR) age-related macular degeneration retinaldehyde 91
ABCB4 (MDR3) PFIC3 PC 74
ABCBI11 (BSEP) PFIC2 bile acids 75
ABCC2 (cMOAT) Dubin-Johnson syndrome glutathione conjugates, LT C, 73,102
ABCC6 (MRP6) Pseudoxanthoma elasticum ? 76-78
ABCD2 (ALDR) adrenoleukodystrophy VLCF 79
ABCGS5 B-sitosterolemia sterols 80, 81
ABCGS P-itosterolemia sterols 80

PFIC, progressive familial intrahepatic cholestasis; PC, phosphatidycholine; LT, leukotriene; VLCF very long chain fatty acids.
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candidates that meet these criteria include amyotrophic
lateral sclerosis 4 (ALS4) (OMIM 602433), the lethal
congenital contraction syndrome (OMIM 253310) and
recessive spinocerebellar ataxia (OMIM 606002). Exper-
iments are currently under way to address the question
whether these hereditary diseases are causatively linked
to structural abnormalities in the human ABCA2 gene.
Another clue that ABCA2 may be implicated in human
disease comes from a report demonstrating amplification
of the ABCA2 gene in estramustine-resistant human
ovarian carcinoma SKEM cells [92]. Estramustine is a
potent chemotherapeutic agent, which structurally repre-
sents a conjugate of estradiol and nor-nitrogen [93].
These findings, which highlight the genomic plasticity of
the ABCA2 locus under conditions of cytotoxic drug
stress, suggest that ABCA2 is potentially involved in
multidrug resistance in tumor therapy. Gene multiplica-
tion is a well-known mechanism conveying multidrug re-
sistance to cells which has also been reported for other
ABC transporters, including Berpl/Mxr/Abcp, MRP and
MDR2 [94—-96]. At present, it remains to be established
whether ABCA2-mediated resistance to estramustine is
of clinical relevance in tumor therapy.

ABCAZ2 in the context of other ABC A subclass
transporters

All currently known ABC transporters of the A subfam-
ily are expressed in monocytes, and many of them are
regulated during cholesterol influx or efflux in human
macrophages [33]. In particular, upregulation during
sterol import has been demonstrated for ABCAL [13],
ABCAZ2 [14] and ABCA7 [20], respectively, which share
highest structural homology among the group of ABC A
subclass members. ABCAI has been shown to function
as a facilitator of cholesterol and choline phospholipid
transport [86, 87], and most recent experiments from our
laboratory indicate that ABCA7 exports or facilitates the
export of ceramide and phosphatidylserine from the cell
[D. Kielar et al., unpublished]. However, the question
which physiological substrates are translocated by
ABCA2 still remains to be resolved. Conceptually, it is
possible that ABCA1, ABCA2 and ABCA7 serve nonre-
dundant or, alternatively, (at least) partially overlapping
functions in the transport of lipophilic substances in
macrophages. In such a context, it is possible that
ABCAZ2, like ABCAL, is involved in the translocation of
cholesterol in these cells. This view is consistent with the
fact that large quantities of cholesterol are present in the
myelin sheath of oligodendrocytes [97]. The myelin
sheath represents an extension of the plasma membrane
of the oligodendrocyte; however, it has a lipid and protein
composition that differs considerably from the rest of the
plasma membrane. Its predominant lipids are cholesterol
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and two glycosphingolipids, galactocerebroside, also
designated galactosylceramide, and its sulphated deriva-
tive galactosulphocerebroside [98]. Unlike typical glyc-
erophospholipids, such as phosphatidylcholine, which
are based on glycerol, galactocerebroside and galacto-
sulphocerebroside are based on a long-chain sphingosine.
Considering this, it is tempting to speculate that ABCA2
is involved in the translocation of cholesterol and galac-
tocerebroside complexes to the oligodendrocyte plasma
membrane and thus may play a critical role in the devel-
opment and the maintenance of the integrity of myelin
sheaths.

Moreover, a recent report suggests that the formation of
cholesterol- and galactosylceramide-rich membrane do-
mains may be critical for the assembly of myelin in oligo-
dendrocytes [98]. This raises the intriguing possibility
that ABCA2 may be associated with these ‘myelin rafts’.
Further studies are required to address this fascinating is-
sue. In this context it is noteworthy that an association of
ABCAL and a Lubrol-resistant raft subfraction has been
established [W. Drobnik et al., unpublished].

Another feature that ABCA1, ABCA2 and also ABCA7
have in common is the fact that each of these genes is
physically linked to a structurally unrelated gene within
their genomic microenvironment. In the case of ABCAI,
two genes designated NIPSNAP3 and NIPSNAP4, re-
spectively, are located immediately downstream of the
ABCAI1 gene [99]. ABCA7, which is located on chromo-
some 19q13, is tandemly linked with the minor histo-
compatibility antigen HA-1 [100], and in an analogous
structural configuration, the chloride intracellular chan-
nel 3 (CLIC3) is localized immediately downstream of
ABCA2 on chromosome 9q34 (see above). These find-
ings pose the question whether and in which way the
structural genomic linkage of an ABC transporter and its
intimately linked genomic neighbor have a reflection in
functional interdependencies. Especially, in the interpre-
tation of gene amplification events, as they have been ob-
served for ABCA2 in estramustine treated tumor cells
[92], the aspect of physical coupling of adjacent genes de-
serves specific attention.

Conclusion

Significant evidence has recently accumulated to support
the concept that ABC transporters serve critical physio-
logic functions in cellular transmembrane transport.
Whereas the ABC A subfamily transporters ABCA1 and
ABCR have been in the center of attention for quite some
time, we are currently only beginning to understand the
biologic role of ABCA2. Although there is only limited
information available to date, existing data suggest roles
for this ABC transporter in myelination and the mainte-
nance of membrane integrity in neural cells such as
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oligodendrocytes. More work is required to determine the
precise role ABCA2 plays in neural cell transmembrane
lipid transport and to identify functional interaction part-
ners of this ABC transporter. In particular, the identifica-
tion of the physiologic substrates that are translocated by
ABCA2 will significantly further our understanding of
the biologic function of this largest known ABC trans-
porter. Another aspect that needs to be addressed in the
future is the question whether and to what extent ABCA2
is involved in the pathogenesis of diseases, in particular,
neurodegenerative disorders. Finally, it will be most chal-
lenging to characterize in detail the molecular mecha-
nisms by which ABCA2 and also other ABC A subfamily
transporters translocate substrates across membranes bar-
riers. The recent identification of the first crystal struc-
ture of a complete ABC transporter, the bacterial half-size
transporter MsbA [101], is an important milestone in
structural biology that will set the stage to gain more in-
sight into the workings of ABC proteins.
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