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Abstract

ATP-binding cassette transporter A1 (ABCAL) is an integral cell membrane protein that protects
cardiovascular disease by at least two mechanisms: by export of excess cholesterol from cells and
by suppression of inflammation. ABCA1 exports cholesterol and phospholipids from cells by
multiple steps that involve forming cell surface lipid domains, binding of apolipoproteins to
ABCAL1, activating signaling pathways, and solubilizing these lipids by apolipoproteins. ABCA1
executes its anti-inflammatory effect by modifying cell membrane lipid rafts and directly
activating signaling pathways. The interaction of apolipoproteins with ABCAL activates multiple
signaling pathways, including Janus kinase 2/signal transducer and activator of transcription 3
(JAK2/STAT3), protein kinase A, Rho family G protein CDC42 and protein kinase C. Activating
protein kinase A and Rho family G protein CDC42 regulates ABCA1-mediated lipid efflux,
activating PKC stabilizes ABCAL protein, and activating JAK2/STATS3 regulates both ABCA1-
mediated lipid efflux and anti-inflammation. Thus, ABCAL behaves both as a lipid exporter and a
signaling receptor. Targeting ABCA1 receptor-like property using agonists for ABCA1 protein
could become a promising new therapeutic target for increasing ABCA1 function and treating
cardiovascular disease.
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1. Introduction

Atherosclerotic cardiovascular disease (CVD) remains one of the most common causes of
morbidity and mortality in the Western world [1]. CVD is a complex disease that is initiated
and propagated by disorders in cholesterol metabolism and by inflammatory processes [2].
Numerous population studies have shown that the prevalence and incidence of CVD is
inversely correlated with plasma high density lipoprotein (HDL) cholesterol levels, implying
that factors associated with HDL metabolism are cardioprotective [3, 4].

HDL is a heterogeneous population of particles that contain a variety of proteins of diverse
functions, although the majority of the protein content represents apolipoprotein A-I (apoA-
I) and apoA-11. ApoA-1 is found in all serum HDL particles, while the other proteins are
found only in some of the particles [5, 6]. There is evidence that HDL components can
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protect against CVD by several different mechanisms, including by promotion of cholesterol
transport and inhibition of oxidative stress, inflammation, infection, thrombosis, and plaque
rupture [4, 7]. The widely accepted view, however, is that HDL primarily prevents CVD by
removing excess cholesterol from arterial macrophages and transporting it back to the liver
[8-10]. The first step of this pathway, called reverse cholesterol transport, is mediated by an
integral cell-membrane protein, ATP-binding cassette transporter A1 (ABCAL). Studies of
human disease and mouse models have shown that ABCAL is cardioprotective [11-14] and
is essential for the generation of HDL [15]. ABCAL loss-of-function mutations in Tangier
disease patients increase the prevalence and severity of atherosclerosis [16, 17]. Over-
expression of human ABCAL in transgenic atherogenic mouse models protects against
atherosclerosis [18, 19], and selective macrophage ablation of the ABCA1 gene increases
atherosclerotic lesions in mice [20].

ABCAL is a 2261-amino-acid integral membrane protein that is a member of a super-family
of ABC transporters that utilize ATP as a source of energy for transporting lipids and other
metabolites across membranes [21]. ABCAL transports cholesterol and phospholipids from
cells to lipid-poor apoA-I and other apolipoproteins, providing an efficient pathway for cells
to unload excess cholesterol [22-25]. There is evidence that ABCAL1 also has anti-
inflammatory effects. The functions of ABCAL1 are regulated both at the transcriptional and
post-transcriptional level [26]. In addition, signaling cascades derived from the interaction of
apoA-l with ABCAL are involved in both ABCA1-mediated lipid efflux and anti-
inflammation [27]. This review summaries the current knowledge of the molecular
mechanisms by which signaling pathways regulate ABCAL functions, and their potential
therapeutic implications.

2. The mechanisms of ABCAl-mediated cholesterol efflux

One of the major functions of ABCAL1 is to transport cellular cholesterol and phospholipids
to lipid-poor apolipoproteins, such as apoA-I, to generate HDL particles and to provide cells
with an efficient mean for unloading excess cholesterol [28]. Studies from several
laboratories suggest the following model for the ABCA1-dependent lipid export pathway.
When induced by cellular cholesterol loading, ABCAL constitutively generates
exovesiculated membrane domains, even in the absence of apolipoproteins [29]. These
domains extrude from the plasma membrane to relieve the strain of the densely packed
phospholipids, generating curved and disordered lipid surfaces that favor apolipoprotein
interactions [30, 31]. The direct interaction of apolipoproteins with ABCAL through the low
capacity binding, activates several signaling pathway such as JAK2, which in turn increases
binding of apolipoproteins to ABCAL and to the high capacity binding sites (HCBS) [32—
34]. Those interactions facilitate the contact of apoA-1 with the protruding lipid domains,
promoting solubilization of lipids and their release from the cells [35-37].

That ABCAL can form exovesiculated membrane domains has been supported by immuno-
gold electron micrographs, showing clusters of anti-apoA-1 antibodies binding to cell
surface protrusions of cells expressing high levels of ABCAL [30]. However it is still
unclear whether the exovesiculated lipid domains are the same sites as the HBCS, since they
are identified by different methods and different groups. Additional studies have shown that
independent of its interaction with apoA-1, ABCA1 expression increases cell surface
cholesterol sensitive to oxidation by cholesterol oxidase, and decreases the lipid raft contents
in the plasma membrane [29, 38]. However, it is still unclear how ABCAL1 translocates
cholesterol and phospholipids across membranes to form exovesiculated membrane
domains. Electron microscopy and X-ray crystallography analyses of a limited number of
ABC exporters suggest that the two symmetrical trans-membrane bundles come together to
form a chamber that scans the inner leaflet of the membrane for substrates, incorporates
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them into the chamber, and flips them to the outer leaflet for extrusion from the cell [39-43].
Mutations of the nuclear binding domain (NBD) prevent the formation of these domains,
suggesting that this involves a series of conformational changes in the ABC protein that is
driven by ATP hydrolysis in the NBDs. In the case of ABCA1, amino acid motifs in the
chamber are likely to bind phospholipids [44-46]. It is unknown whether the cholesterol in
the inner leaflet is co-transported with these phospholipids, or phospholipid translocation
alone increases the accessibility of cholesterol that flips to the outer leaflet by other
processes [44-46].

ABCAL is unique among ABC transporters in that it requires the direct binding of the
acceptor for the transported substrates. Studies using chemical inhibitors or ABCA1 mutants
indicate that apoA-I binding to ABCAL and cells is required for ABCA1-mediated lipid
efflux [47-49]. There are apparently two distinct sites that bind apoA-I: a relatively low
binding capacity direct binding site with ABCAL; and a high capacity binding site (HCBS),
which is not associated with ABCAL [36, 37]. Evidence for direct binding of apoA-I with
ABCAL comes from chemical cross-linking studies, indicating that apoA-l and ABCAL1 are
in very close proximity (< 7A) [50, 51]. Although studies indicate that the extracellular
loops are important for the direct interaction of ABCAL with apoA-I, the exact structural
elements of apoA-l and ABCAL responsible for this interaction are still to be identified.
Interestingly, although the HCBS is distinct from the direct binding site for apoA-I, and is
not associated with ABCAL, the direct apoA-I binding site and the HCBS are closely
associated. Increasing the binding of apoA-I to ABCAL promotes the binding of apoA-I to
the HCBS, and inhibiting the binding of apoA-I to ABCAL also inhibits its binding to the
HCBS [36]. The HCBS is phospholipid-rich but it is still not clear how the HCBS is formed
[37]. 1t is possible that the rapid, transient apoA-I binding to ABCAL activates the signaling
pathway such as JAK2, which allows secondary interactions of apoA-I with the HCBS.
Alternatively, the initial direct binding of apoA-I with ABCA1 promotes the phospholipid
translocation activity of ABCAL, or modifies adjacent phospholipid bilayer domains and the
formation of HCBS. Defining the structural characteristics of apoA-I binding to the cell, and
identifying the apoA-I binding sites within ABCAL will be a key for understanding how
ABCAL regulates the association of apoA-1 with different cellular compartments, and for
clarifying the mechanisms by which ABCA1 promotes efflux of lipids to apolipoproteins.

It is proposed that after the binding of apoA-1 to ABCA1 and the formation of highly curved
exovesiculated lipid domains, the bound apoA-I spontaneously solubilizes the
exovesiculated domains by inserting apoA-1 into the membrane bilayer, leading to the
simultaneous release of cellular phospholipids and cholesterol to apoA-1, allowing creation
of nascent discoidal HDL particles [31]. The solubilization of apo A-1 and its dissociations
from the membrane does not occur within the context of the ABCA1/apoA-I protein
complexes [31]. However, the analysis of naturally-occurring ABCAL mutations indicates
that the solubilization and release of apoA-I with lipids may not be a passive process, as the
missense mutation W590S,which is still able to bind and release apoA-1 back into the media,
has a low capacity to transfer lipids to the released apoA-I [47, 48, 52]. In addition, a two-
compartment efflux model, where ABCAL1 effluxes to apoA-I occurs at both the cell surface
and in a late endosomal compartment, has also be proposed. [53-57]. Both apoA-I and
ABCAL1 are actively endocytosed, and the deletion of the ABCAL proline-glutamic acid-
serine-threonine (PEST) motif prevents the trafficking of cell surface ABCAL to the late
endosome, which results in impaired ABCAlefflux capacity to apoA-1. Recent studies,
however, have suggested that ABCA1 transports cholesterol to apolipoproteins exclusively
at the cell surface [58, 59].

ABCAL can efflux lipids to multiple HDL apolipoproteins, including apolipoproteins A-I,
A-11, E, C-1, C-II, C-lll, and A-IV [60]. These apolipoproteins contain 11-22 amino acid
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repeats of amphipathic a-helices [61]. Synthetic 18 amino acid peptides that are analogs of
the type of amphipathic a-helices found in HDL apolipoproteins can mimic apoA-1 in
removing cholesterol and phospholipids by the ABCA1 pathway [62, 63]. A dimer of one of
these peptides is more efficacious than its monomer [62, 64], suggesting cooperativity
between tandem helices. Thus, the amphipathic a-helix is the major structural motif required
for removing ABCA1-extruded lipids. Interestingly, the D-isomers of these a-helices are
also active [65], implying that there are no stereoselective requirements for these peptides to
accept lipids.

The broad specificity for amphipathic a-helices implies that proteins other than
apolipoproteins containing this structural motif could remove cellular lipids by the ABCA1
pathway. Phospholipid transfer protein (PLTP), which contains amphipathic a-helices, can
interact with ABCA1 and remove cellular cholesterol and phospholipids [66, 67]. Because
of its low lipid-binding capacity, PLTP tends to transfer these lipids to HDL, rather than
generate new lipoprotein particles. Serum amyloid A (SAA) also removes cellular lipids by
the ABCA1 pathway [68, 69]. SAA is an acute phase protein that is induced over 1000-fold
during inflammation [70-73]. SAA primarily associates with HDL in the plasma. It contains
two tandem amphipathic a-helices that differ in amino acid charge distribution from those in
apolipoproteins. The consequences of the SAA-ABCAL interaction are unknown.

3. Anti-inflammatory activity

ABCAL also has anti-inflammatory functions, which represent another putative mechanism
for protection against CVD. Humans with dysfunctional ABCA1 and familial HDL
deficiencies tend to have chronic low-grade inflammation [74, 75]. Mice lacking ABCA1 in
all tissues or selectively in macrophages, have a heightened reaction in response to the
lipopolysaccharides (LPS) inflammatory stimulus [76—78] This was evident by the increased
appearance of inflammatory cytokines in the circulation and peritoneal fluid after mice were
injected with LPS. These studies imply that macrophage ABCAL has an anti-inflammatory
function. Moreover, LDL ™/~ mice that are selectively deficient in leukocyte ABCA1 have
increased peripheral blood leukocyte counts and increased macrophages infiltration in liver
and spleen [79]. Bone marrow myeloid proliferation from ABCA1~/~ mice is also increased,
though not as dramatic as in bone myeloid from ABCA1~/~/ ABCG1~/~ mice [80]. These
studies suggest that ABCAL1 plays a significant role in regulation of bone marrow-derived
cell proliferation, and that ABCA1 and ABCG1-mediated lipid metabolism is of critical
importance for normal proliferation of myeloid cells in bone marrow.

Studies with cultured cells have suggested that the anti-inflammatory activity of ABCAL is
secondary to its ability to modulate the cholesterol content of membrane lipid rafts [38, 77,
78, 81]. Murine macrophages lacking ABCAL have increased cholesterol content in rafts,
and enhanced signaling of LPS through its receptor, Toll-like receptor 4 (TLR4), leading to
increased production of inflammatory cytokines [77, 78, 81]. Incubating human monocytes
with apoA-I reduces the ability of the inflammatory stimuli to activate CD11b, and this
effect is abolished in cells lacking ABCAL [82]. ApoA-I also was shown to activate the raft-
associated metalloprotease ADAM17 [83], which promotes proteolytic shedding of the pro-
inflammatory cytokine tumor necrosis factor o (TNFa) and its receptors. All these responses
appear to depend on the cholesterol content of plasma membrane rafts. These anti-
inflammatory effects are not specific to ABCA1, as ABCAL-independent cholesterol
acceptors, such as cyclodextrin, have the same effect [78, 84]. Moreover, the macrophage
cholesterol exporter ABCGL1, which promotes cholesterol efflux to mature HDL, is more
potent with respect to the TLR-mediated pro-inflammatory pathways than ABCAL [85].
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Significantly, studies indicate that the interaction of apoA-I or its mimetic peptides with
ABCAL activates the transcription factor STAT3 [27, 28]. The STAT3 pathway is well-
known to have an anti-inflammatory function in macrophages [86—89]. In fact, constitutive
activation of STATS3 is sufficient to block production of most inflammatory cytokines in
activated macrophages [90]. The interaction of apoA-1 or its mimetic peptides with ABCA1-
expressing macrophages activates STAT3, and markedly suppresses expression of these
cytokines [27]. However, STAT3 activation is not required for ABCA1-mediated lipid
efflux [27]. These findings suggest that, in addition to the ability of ABCAL to influence the
inflammatory signaling pathway indirectly by modifying cell surface domains, ABCA1 may
also directly act as an anti-inflammatory receptor by inducing signaling through the JAK2/
STAT3 pathway in response to apoA-1 binding. Those results are very interesting in light of
the profound remodeling that HDL undergoes in vivo, during which apoA-1 is consistently
displaced. These liberated lipid-poor apoA-I can interact with ABCAL and induce the JAK2/
STAT3 pathways to subdue the inflammatory response. Understanding the functions of
ABCAL as an anti-inflammatory receptor as well as a cholesterol exporter will open new
opportunities in the development of therapeutic agents that target ABCA1 pathways for
treating CVD. In addition, the anti-inflammatory properties of ABCAL could potentially be
exploited as a therapeutic target for other inflammatory diseases that involve macrophage
infiltration and inflammation, such as inflammatory bowel disease and rheumatoid arthritis.

4.1 ABCAl-mediated lipid efflux is regulated by cAMP/PKA pathway

ABCAL1 has been shown to be regulated by cAMP at the transcription level [91] and a
CAMP responsive element has been identified in the mouse ABCA1 promoter [92-94].
cAMP/Protein kinase A (PKA) dependent pathway plays a pivotal role in ABCA1
phosphorylation, and modulates apoA-1-dependent cellular lipid efflux [95, 96]. Mutation of
serine 2054 (S2054), located at the NBD of ABCAL, decreases ABCAL phosphorylation
and apoA-I-mediated lipid efflux, suggesting that ABCAL is constitutively phosphorylated
by the cAMP/PKA pathway, and that S2054 is essential for PKA phosphorylation and
ABCA1-medaited lipid efflux [95]. How phosphorylation of ABCAL by the cAMP/PKA
pathway affects ABCA1-mediated lipid efflux is not yet known, although it appears that
phosphorylation of ABCA1 at S2054 is not required for ABCAL expression or trafficking,
nor is it required for apoA-I binding to ABCAL. It is suggested that phosphorylation of
ABCAL by the cAMP/PKA pathway at S2045 and other residues may nudge the transporter
toward adapting a more active conformation [95].

Treatment of ABCAZL-expressing cells with apoA-I for short periods of time increases
ABCAL1 phosphorylation in a concentration and time-dependent manner by increasing
cAMP production and activating the PKA pathway, without affecting ABCAL expression
level [96, 97]. Significantly, one naturally-occurring mutation of ABCAL associated with
Tangier disease, C1477R, severely reduces apoA-1-mediated cCAMP production, ABCA1
phosphorylation and apoA-1-mediated lipid efflux, suggesting that direct interaction of
apoA-1 with a functional ABCAL1 is required for the activation of cAMP/PKA pathway by
apoA-I1. It is proposed that the initial binding of apoA-I to ABCAL, which couplestoa G
protein, leads to activation of adenylyl cyclase, cAMP production, and subsequent PKA-
mediated ABCAL phosphorylation, allowing lipidation of apoA-I through ABCA1 [97].
Identifying the specific G proteins coupled to ABCA1, and elucidating the molecular
interactions between the apoA-I/ABCA1/G protein complexes should help us understand the
mechanisms by which ABCA1 transports lipid to apolipoproteins.
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4.2 Regulation of ABCAL1 functions by the JAK2/STAT3 pathway

The best characterized signaling molecule activated by apolipoprotein/ABCAL interactions
is JAK2, a tyrosine kinase that is activated by over half of the cytokine/hematopoietin
superfamily of receptors [98]. Activation of JAK2 is the initiating step in downstream
signaling for most of these receptors. A JAK2-specific inhibitor markedly reduces apoA-I-
mediated lipid transport and apoA-1 binding to ABCA1, and mutant cells lacking JAK2 have
a severely impaired ABCA1-mediated lipid efflux [32, 33]. Inhibiting or ablating JAK2 has
no effect on the intrinsic lipid translocase activity of ABCAL, but reduces the apolipoprotein
binding to ABCAL, a step required for removal of the translocated lipids [32, 33]. Studies of
ABCAL mutants with variable severities of functional impairment show that apolipoprotein-
stimulated phosphorylation of JAK2 is highly correlated with both the lipid export and
apolipoprotein binding activities of ABCA1 [99], indicating that JAK2 activation is
necessary for the optimum binding of apoA-I to ABCAL, which is required for lipid
removal.

Even short interaction of apoA-1 with ABCA1-expressing cells (minutes) stimulates
autophosphorylation of JAK2 [32], thus generating the active JAK2 that phosphorylates its
target proteins. For receptor systems, phosphorylated JAK?2 activates downstream
transcription factors called STATS, which regulate a wide variety of cellular pathways. The
interaction of apoA-I with ABCAL increases phosphorylation and thus activation of STAT3
[27]. However knockout of STAT3 has no effect on ABCA1-mediated cholesterol efflux.
Moreover, mutating the STAT3 docking sites located within the ABCA1 NBD domains
completely abolishes the ability of apoA-I to activate and bind STAT3 without affecting the
cholesterol efflux export function of ABCA1, indicating that these sites are responsible for
apoA-I-mediated STATS3 activation, but activation of STAT3 is not required for ABCA1-
mediated lipid efflux [27]. It has been shown that activation of STAT3 has anti-
inflammatory function in macrophages. Remarkably, pre-treating macrophages that express
ABCAZ1 with apoA-I suppresses subsequent LPS-induced production of the inflammatory
cytokines TNF-a, interleukin-1(1L-1) and (interleukin-6) IL-6 [27]. This effect of apoA-1 is
reduced by knockdown of STAT3 with siRNA, silencing STAT3 in myeloid-specific
STAT3 knockout mice, or inhibiting STAT3 phosphorylation, indicating a role for STAT3
in the anti-inflammatory effects of apoA-1/ABCAL interaction [27]. The anti-inflammatory
effect of JAK2/STAT3 pathway induced by apoA-I/ABCAL interaction in macrophages was
further confirmed by another independent group [100], which showed that activation of the
JAK2/STAT3 pathway is required for the anti-inflammatory effects of apoA-I in THP cells.
ApoA-I loses its anti-inflammatory activity in macrophages from ABCA1~/~ mice,
indicating that ABCAL is required for the anti-inflammatory effects of apoA-I. Silencing
STAT3 in macrophages did not completely reverse the ability of apoA-I to suppress LPS-
induced cytokine production, indicating that some of the anti-inflammatory effects of apoA-
I/ABCAL1 interaction are independent of STAT3 [27]. It has been shown that cholesterol
efflux activity can also inhibit inflammatory cytokine production in macrophages by
disrupting sterol-rich membrane rafts. It is therefore likely that apoA-I/ABCAL1 interaction
can suppress macrophages inflammation by at least two mechanisms.

The interaction of apoA-1 with ABCAL-expressing cells rapidly activates JAK2, which in
turn causes two independent effects: lipid export from cells, and STAT3-mediated anti-
inflammatory activity. These studies raise the possibility that apolipoprotein/ABCA1
interactions may have multiple biological effects that are both dependent and independent of
lipid export. Significantly, the JAK2/STAT3 pathway can also be activated by synthetic
apoA-1 mimetic peptides, and one of the peptides, peptide 5A, which has been shown to
decrease atherosclerosis with very little side effects compared to other peptides [101, 102],
is more specific than other peptides in activating the JAK2/STAT3 pathway (Tang,
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unpublished data), raising the possibility of finding peptides or small molecules for ligand/
receptor interactions to regulate both the lipid transport and anti-inflammatory activity of
ABCAL.

Taken together, those studies suggest the following model for the ABCAL/JAK2/STAT3
pathway (Fig. 1). Lipid-poor apoA-I or its mimetic peptides bind directly to ABCA1 or a
closely associated protein (step 1), which rapidly stimulates JAK2 autophosphorylation (step
2). The activated JAK2 then has two distinct effects on the cells. First, it recruits and/or
dissociates ABCA1 partner proteins and causes conformational change of ABCAL, thus
enhancing apoA-I binding to ABCAL1 (step 3) and lipid removal from the cell (step 4).
Second, it makes the STAT3 docking sites accessible, leading to activation of STAT3 (step
5), which promotes translocation of STAT3 to the nucleus (step 6), where it regulates
transcription of proteins that repress inflammatory processes (step 7). This model suggests
that the ABCAL/JAK2/STAT3 pathway represents a direct link between the cardioprotective
effects of reverse cholesterol transport and anti-inflammation.

4.3 Regulation of ABCAl1-mediated cholesterol efflux by Rho family G
protein CDC42

Incubating apoA-I with cells induces a marked stimulation of Rho family G protein Cdc42
[103, 104]. By using various tools, including pharmacological inhibitors and activators,
bacterial toxins and dominant negative mutants, it is demonstrated that activation of Cdc42
regulates apoA-I-mediated lipid efflux [103]. Apparently, ABCA1 and CDC42 are
associated [104]. ApoA-1 also stimulates Rho family G protein Racl, but selective inhibition
of Racl has no effect on apoA-I-mediated cholesterol efflux [103]. Since ABCA1-
containing vesicles were shown to shuttle between the trans-Golgi network and the plasma
membrane [105], and Cdc42 could be involved in the vesicular trafficking of cholesterol
between the trans-Golgi network and the plasma membrane [106, 107], it is proposed that
apoA-l-induced Cdc42 activation enhances vesicular transport, and thereby promotes
cholesterol export by ABCAL from cells. One of the downstream signaling targets of apoA-
1/Cdc4?2 is the stress kinase c-Jun N-terminal kinase (JNK). Inhibition of JINK by JNK
inhibitors decreases cholesterol efflux, while activation of INK by JNK activators increases
apoA-I-induced cholesterol efflux [103]. Cdc42 can bind and interact with ABCAL directly
[104]. However, how apoA-1 activates Cdc42 and the identities of the kinases involved is
not known. It is also unclear if direct interaction of apoA-I with ABCAL is required for the
activation of Rho family G protein signaling pathway. ABCA-mediated lipid efflux is,
furthermore, regulated by casein kinase2 (CK2), though the mechanisms by which CK2
regulates ABCA1-mediated lipid efflux are poorly understood [108]. Additionally, the
trafficking of ABCAL appears to be regulated by palmitoylation [109].

4.4 Signaling pathways and ABCA1 degradation

The turnover of ABCAL protein is rapid, with a half-life of less than 1 h in murine
macrophages and differentiated THP-1 cells [57, 65]. Calpain protease inhibitors
significantly decrease the rate of ABCAL turnover, suggesting that ABCAL protein
degradation is mediated by calpain protease [57, 110, 111]. Significantly, studies from
several different laboratories found that apoA-1 and its synthetic mimetic peptides can
decrease ABCAL1 protein degradation [32, 110-112]. Wang and colleagues [57] have shown
that deletion of the PEST sequence, which regulates protein degradation by proteolysis in
many proteins [113], decreased the ABCA1 degradation rate and prevented apoA-I from
stabilizing ABCAL protein. It was further shown that threonine-1286 and threonine-1305 in
the ABCA1 PEST sequence are constitutively phosphorylated, and that mutation of those
two phosphorylated threonine sites abolishes the ability of apoA-1 to increase ABCA1
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phosphorylation and to stabilize ABCA1 protein [110]. It is therefore proposed that apoA-I
stabilizes ABCAL by decreasing the phosphorylation of threonine-1286 and threonine-1305
in the PEST sequence, and thereby prevents ABCAL from fast degradation by calpain
protease. The mechanism linking the binding of apoA-1 to ABCA1 PEST phosphorylation is
unknown and the kinases/phosphatases responsible for the decreased ABCA1 PEST
phosphorylation by apoA-1 are still to be identified.

In another study [111], it was found that apoA-I stabilizes ABCAL protein by increasing
ABCAL phosphorylation at a yet-unidentified site through protein kinase C a (PKCa). It
was further proposed that apoA-I removes cellular free cholesterol and phosphatidylcholine,
resulting in the generation of diacylglycerol (DAG), which in turn activates PKCa, leading
to the phosphorylation of ABCAL [111]. This model suggests that DAG, which is produced
by apoA-I-mediated release of phosphatidylcholine-phospholipase C (PC-PLC), is the key
activator of PKC, required for phosphorylation of ABCAL and its protection against calpain-
mediated proteolytic degradation. However, other studies suggest that apoA-1-mediated lipid
efflux is not required for apoA-I to stabilize ABCAL, and DAG produced by unsaturated
fatty acid destabilizes ABCAL [32, 114, 115]. On the other hand, another study reported that
ABCA1-mediated cholesterol efflux to taurocholate, in the absence of apoA-I, protects
ABCAL from degradation [116]. The cause of this discrepancy is unknown, and further
work is required to sort out these observations. Moreover, it is not fully understood how the
phosphorylation of ABCAL by PKC is involved in stabilizing ABCA1 against calpain-
mediated proteolysis. Identification of the apoA-I-induced phosphorylation sites of ABCAL
by PKC pathway and the kinases/phosphatase responsible for the dephosphorylation of the
PEST sequence within ABCAZ1 will facilitate our understanding as to how apoA-I triggers
signaling pathway to stabilize ABCAL.

5. ABCAL as atherapeutic target

Current therapeutic approaches for treating heart disease have focused on lowering LDL
cholesterol, but the most effective cholesterol-lowering drugs reduce CVVD events by only
one third [3, 117, 118]. Because of this large residual disease burden, the HDL pathway has
become a new target for drug development [119, 120]. The inverse relationship between
HDL levels and CVD has led to the widely-held view that raising HDL levels will be
cardioprotective. Recent clinical trials using an inhibitor of cholesterol ester transfer protein
to raise HDL had the unexpected effect of increasing cardiovascular complications [119,
121]. Although some of this may have been due to off-target drug effects [119], it is also
possible that this approach generated dysfunctional HDL that had harmful, rather than
beneficial effects. Thus, factors that raise HDL such as the expression of apoA-l or ABCA1,
or factors that increase HDL functions, such as HDL efflux capacity, rather than HDL itself
might be the important therapeutic targets [120, 122]. To date, the only tissue protein
involved in HDL metabolism unequivocally shown to reduce CVD in both animal models
and humans is ABCA1. Since ABCAL is a major determinant of HDL levels, it is reasonable
to assume that much of the association between high HDL levels and reduced CVD reflects
an active ABCA1 pathway. This transporter has therefore become a new therapeutic target
for drug development designed for clearing cholesterol from arterial macrophages and
preventing CVD.

Multiple strategies have been initiated for enhancing the ABCA1 pathway [120, 123]. The
activity of the ABCA1 pathway can be modulated at multiple levels, providing an array of
potential therapeutic targets for enhancing this pathway. LXR/RXR ligands and agonists
induce ABCAL1 and other reverse cholesterol transport proteins and inhibit production of
inflammatory cytokines [124-126], making these agonists potentially robust therapeutic
agents for mobilizing cholesterol from tissues, reducing inflammation, and preventing CVD.
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The problem with current LXR agonists is that they also induce enzymes of fatty acid
synthesis and production, thus causing fatty livers and hypertriglyceridemia when
administered to animals [127-129]. The concept of targeting ABCA1 transcription has also
come under question, since at least one animal study showed that tissue ABCA1 protein
levels appear to be regulated mostly by post-transcriptional processes [130]. ABCA1
activity is also regulated by diverse intracellular signaling pathways.

Studies have shown that administering recombinant HDL, lipid free apoA-I or small
apolipoprotein-mimetic peptides to atherogenic animals reduces atherosclerosis [131-133].
In addition, targeting ABCAL receptor-like properties using agonists for ABCAL protein
would have several advantages over transcriptional agonists, since they could stabilize
ABCAL protein and stimulate its cholesterol export and anti-inflammatory activities.
ABCAL1 agonists would allow for targeting of cholesterol-laden cells, such as arterial
macrophages, that express relatively high levels of ABCA1 and are a major source of
arterial inflammatory reactions. By suppressing inflammation, small chemical agonists for
ABCAL could have cardioprotective effects even if they have little capacity to remove
cholesterol.

5. Conclusions and future directions

Human genetic and mouse model studies have shown that ABCAL1 is cardioprotective.
Studies of human HDL deficiencies, transgenic mice, and cultured cells have shown that
ABCAL1 is the major exporter of cellular cholesterol and phospholipids to HDL
apolipoproteins, and that this activity is essential for formation of HDL particles in vivo.
There is emerging evidence that ABCA1 also plays a role in suppressing inflammatory
cytokine production by macrophages through multiple mechanisms. ABCAL1 is unique
among transporters in that its interaction with apolipoproteins promotes its receptor-like
properties and activates multiple signaling pathways to regulate its cholesterol efflux ability
and anti-inflammatory functions.

Although we have gained a great deal of knowledge about the function of ABCAL since its
discovery in 1999, the ABCAL pathway is highly complex and far from being completely
understood. Additional studies are needed to identify the molecular components of the
ABCAL pathway, to characterize the receptor-like properties of ABCA1 and its anti-
inflammatory activity, to elucidate the diverse processes that regulate ABCAL expression
and activity, and to determine its contribution to disease protection in humans. These studies
would provide more insight into the role of ABCAL in health and diseases, and potentially
reveal novel therapeutic strategies for treating these diseases.

Highlights

This review summarizes current knowledge of the regulation of ABCAL functions by
signaling pathways.> ABCAL functions are regulated by multiple signaling pathways.>
Activating PKA and Rho family G protein CDC42 regulates ABCA1-mediated lipid
efflux.> Activating PKC stabilizes ABCAL protein.>Activating JAK2/STAT3 regulates
both ABCA1-mediated lipid efflux and anti-inflammation.
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Figure 1. Scheme for the apoA-1/ABCAL/JAK2/STAT3 pathway

Lipid-poor apoA-1 or its mimetic peptides bind directly to ABCAL or a closely associated
protein (step 1) that rapidly stimulates JAK2 autophosphorylation (step 2). The activated
JAK?2 then has two distinct effects on the cells. First, it recruit and/or dissociate ABCA1
partner proteins and causes confirmation change of ABCAL, thus enhancing apoA-1 binding
to ABCAL (step 3) and lipid removal from the cells (step 4). Second, it generates STAT3
docking sites and activates STAT3 (step 5), which promotes translocation of STAT3 to the
nucleus (step 6) where it regulates transcription of proteins that repress inflammatory
processes (step 7). P: Phosphorylated.
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