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The Interaction of ApoA-I and ABCAT1 Triggers Signal
Transduction Pathways to Mediate Efflux of Cellular Lipids
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Reverse cholesterol transport (RCT) has been characterized as a crucial step for antiatherosclerosis, which is initiated by ATP-
binding cassefte A1 (ABCAT) to mediate the efflux of cellular phospholipids and cholesterol to lipid-free apolipoprotein A-l
(apoA-l). However, the mechanisms underlying apoA-I/ABCAT1 interaction to lead to the lipidation of apoA-I are poorly under-
stood. There are several models proposed for the interaction of apoA-I with ABCAT as well as the lipidation of apoA-I mediated
by ABCA1. ApoA-l increases the levels of ABCAT protein markedly. In turn, ABCA1 can stabilize apoA-I. The interaction of apoA-I
with ABCA1 could activate signaling molecules that modulate posttransiational ABCA1 activity or lipid fransport activity. The key
signaling molecules in these processes include protein kinase A (PKA), protein kinase C (PKC), Janus kinase 2 (JAK2), Rho GTPases
and Ca?*, and many factors also could influence the interaction of apoA-l with ABCAT1. This review will summarize these mech-
anisms for the apoA-I interaction with ABCA1 as well as the signal transduction pathways involved in these processes.

Online address: hitp://www.molmed.org

doi: 10.2119/molmed.2011.00183

INTRODUCTION

High density lipoproteins (HDLs) have
been shown consistently to be related in-
versely to cardiovascular disease risk
(1,2). An important aspect of HDL func-
tion is its role in reverse cholesterol
transport (RCT), in which HDL transfers
cholesterol from peripheral tissues to the
liver for elimination (3-7). Lipid-poor
apolipoprotein A-I (apoA-I), the major
component of HDL, interacts with ATP-
binding cassette A1 (ABCA1), which ex-
ports free cholesterol (FC) and phospho-
lipids (PL) from cells and servers as the
first step in RCT (8-11). There is no
unified recognition of how apoA-I inter-
acts with ABCA1 and the lipidation of
apoA-I. Understanding the mechanisms
regulating the interaction of apoA-I with
ABCA1 would clarify the molecular de-

tails of cellular cholesterol efflux and fur-
ther help to develop strategies to in-
crease plasma HDL concentrations. In
addition to lipid metabolism regulation,
apoA-I/ ABCA1 interaction is involved
in the process of apoptosis and inflam-
mation, which also were thought to play
crucial roles in the development of ather-
osclerosis (12—14). Therefore, the interac-
tion of apoA-I with ABCA1 could con-
nect inflammation and RCT in vivo. In
this review, we will focus on the mecha-
nisms of the interaction of apoA-I with
ABCAL1 as well as the signal transduction
pathways involved in this process.

THE BINDING BETWEEN ApoA-I AND
ABCAI1

The molecular mechanism of apoA-I
binding to ABCA1 is not very clear since
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ABCAT1 has been found to have a broad
specificity for multiple HDL-related
apolipoproteins, including apoA-I, A-II,
C-I, C-II and C-III (15). These binding
sites in ABCA1 also recognize the 18-mer
synthetic amphipathic a-helix and
phospholipid transfer protein (16). Elec-
tron microscopy studies have shown
that human fibroblasts and THP-1
macrophages expressing ABCA1 display
10- to 60-nm plasma membrane projec-
tions that bind more than 80% of exoge-
nously added apoA-I (17). Chambenoit
et al. (18) suggested that apoA-I is likely
bound to phosphatidylserine (PS) that is
presented at the exofacial leaflet of cell
membrane by the “floppase” activity of
ABCAL. Interestingly, Smith ef al. re-
ported that the increased PS was insuffi-
cient to mediate cellular apoA-I binding
and lipid efflux, because annexin V, a PS-
binding protein, did not compete with
ABCAI1-induced apoA-I binding, nor did
it affect ABCA1l-mediated lipid efflux to
apoA-I (19,20). Furthermore, covalent
cross-linking studies have revealed that
apoA-I binds directly to ABCA1 with
high affinity Kd <10"mol/L) and satura-
bility (15,21). This binding process

is temperature sensitive and readily
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reversible. Overexpression of the full-
length cDNA of ABCAL1 in cells resulted
in increased apoA-I binding to the cell
surface (17). All these findings suggest
that apoA-I directly binds to ABCA1 to
form a complex that facilitates cellular
cholesterol and phospholipid efflux. The
current model proposed that ABCA1 cre-
ates two sites separately for binding of
apoA-I and lipid efflux. Although the
low capacity site was formed by direct
apoA-I/ ABCA1 interactions, the much
higher capacity site generated by apoA-I/
lipid interactions functions in the assem-
bly of nascent HDL particles (22-24). The
low capacity site for apoA-I binding on
the ABCAL1 has been deemed to have
regulatory functions. However, this pro-
posed model regarding ABCA1 activity
creating two binding sites for apoA-I
does not distinguish whether apoA-I/
lipid binding precedes apoA-I/ ABCA1
interaction or the opposite. Some studies
support the assumption that the binding
of apoA-I to ABCAT helps targeting
apoA-I to lipid domains (25). Elucidating
the mechanism of interaction between
apoA-I and ABCA1 will increase our
understanding of the lipidation of
apoA-L

Although the majority of cholesterol
resides in the plasma membrane, the sec-
ond largest cellular cholesterol pool is in
endosomes (26). ABCAL1 is located not
only in the cell surface, but also in the in-
tracellular vesicles, including endosomes
and lysosomes (27). Studies have pro-
vided evidence that extracellular apoA-I
may be endocytosed and recycled back
to the cell surface before its release from
the cells (28,29). ABCA1 recycles rapidly
between the plasma membrane and late
endosomal/lysosomal compartments
through the apoA-I-containing intracellu-
lar vesicles (27,30-33). However, subse-
quent studies quantitating cholesterol
efflux from the endocytic pathway indi-
cated that the intracellular vesicles trans-
port represented less than 5% of the total
cellular efflux capacity due to the degra-
dation of a large fraction of the rese-
creted apoA-IL Therefore, we concluded
that the plasma membrane is the main

platform where ABCA1l-mediated lipida-
tion of apoA-I (26,34).

THE RECIPROCAL RESPONSE OF THE
BINDING OF ApoA-I/ABCAI1

Although apoA-I does not alter
ABCA1 mRNA abundance, it increases
the content of ABCA1 protein markedly,
suggesting the effect of apoA-I on
ABCA1 degradation (35). Studies have
shown several possible mechanisms that
contribute to ABCA1 protein stabiliza-
tion; for example, interactions of ABCA1
and apoA-I interfered with the phospho-
rylation of the PEST sequence and re-
duced calpain-mediated proteolysis
(10,36-38). ApoA-I increased levels of
wild-type ABCAI, but not the mutant
ABCAL1 deleted by the PEST sequence. In
addition, apoA-I pretreatment of cells
blocked the degradation of the wild-type
ABCA1 (36). ApoA-I failed to increase
ABCA1-W590S levels in these studies,
suggesting that apoA-I binding was not
sufficient for ABCA1 stabilization (36).
These results favor the hypothesis that
apoA-I-mediated ABCA1 stabilization
may result from local changes in mem-
brane phospholipids that decrease the
binding of ABCA1 with the calpain sub-
unit (39). Another interpretation is that
apoA-I fails to bind the W590S mutant in
the correct orientation, and therefore the
appropriate conformational change of
ABCA1 required to decrease calpain pro-
teolysis does not occur. Helical ApoA-I
in its lipid-free form stabilizes ABCA1
by protecting it from thiol protease-
mediated degradation (40). In conclu-
sion, apoA-I facilitates ABCA1 accumula-
tion to cell surface by inhibiting its
intracellular degradation (41).

ABCAL, in turn, can stabilize apoA-I.
Familial HDL deficiency diseases, such
as Tangier disease, can result in increased
catabolism of apoA-I (42), and ABCA1
single nucleotide polymorphisms could
change the fasting and postprandial val-
ues of apoA-I (43). Initial interaction of
apoA-I with ABCA1 imparts a unique
conformation that partially determines
the in vivo metabolic fate of apoA-I (44).
If apoA-Iis lipidated to form pre-p2, -3,
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or -4 HDLs by ABCAI, these particles
will undergo further lipidation by non-
ABCA1 mediated pathways, and ulti-
mately be converted to mature plasma
HDL particles by LCAT in plasma. On
the other hand, when apoA-I is poorly
lipidated, with only a few ABCA1 at the
cell surface, it will not contain enough
lipid to prevent its rapid clearance from
plasma by the kidney. In addition,
ABCAL1 also modulates the transcytosis
of apoA-I through endothelial cells (45).

THE BINDING BETWEEN ApoA-I1 AND
ABCAT1 EFFECTS SIGNAL
TRANSDUCTION PATHWAYS

The interaction of apoA-I with ABCA1
could activate signaling molecules that
modulate ABCA1 level or its mediated
lipid transport activity in a posttransla-
tional manner. The signal transduction
pathways initiated by the interaction of
apoA-I with ABCA1 include protein ki-
nase A (PKA), protein kinase C (PKC),
Janus kinase 2 (JAK2), Cdc42 and Ca*".
Various signal transduction pathways in-
cluding PKA, JAK2, RhoA and Ca®" exist
in macrophages, while PKA and Cdc42
have been found in fibroblasts, kidney
cells and other cells. The presence of spe-
cific pathways in specific cell types was
listed in Table 1.

Protein Kinase A

The interaction of apoA-I with ABCA1
in cells increases the cellular cyclic
adenosine monophosphate (cAMP) con-
tent and ABCA1 phosphorylation (49),
suggesting that apoA-I may activate
cAMP signaling and raise the possibility
of the phosphorylation of ABCA1 via
various signal-relating molecules, which
allows apoA-I to be lipidated through
different pathways. Pharmacological in-
hibition of PKA completely blocked
apoA-I mediated ABCA1 phosphoryla-
tion (63). In this course, apoA-I binding
to ABCAL transporter which couples to
Ga, leads to activation of adenylate cy-
clase (AC), cAMP production and subse-
quent PKA-mediated ABCA1 phospho-
rylation, allowing increasing lipidation
of apoA-I (Figure 1A). This phenomenon



Table 1. The signaling proteins and their activities in different cells.

Signaling Cell type Activity Reference
PKA RAW264, J774, MPM ABCAT mRNA? 46-48
Fibroblasts, CHO, BHK, RAW?264, ABCAT1 phosphorylation? 49-52
Human embryonic kidney cells,
293T, Flip-In 293 cells, HeLa cells,
THP-1
PKC WI-38, HEK293 ABCAT1 protein stability t 53
COS-1, HEK293, HepG2 ABCAT mRNA| 54
JAK2 BHK ABCAT1 activityt, apoA-I 25,55,56
binding?
J774, BHK STAT3?1 57
Rho GTPases  Fibroblasts, HEK293 Cdc421, ABCAT activity} 58-60
HEK293, THP-1 RhoA1, ABCA1 protein
stability 24
Ca? BALB/3T3, THP-1, BHK, RAW 267.4  ABCAT1 protein stability t 61,62

1, Increased expression, enhanced activity or effect; |, decreased expression, inhibited

activity or effect.

has also been comfirmed by our previous
studies (52,64), which showed that
apoA-I, in combination with forskolin
(an adenyl cyclase activator), contributed
to a much larger increase in protein ex-
pression of ABCA1 and cholesterol efflux
from THP-1 macrophage-derived foam
cells. In converse, treatment cells with
apoA-I and 5Q-22536 (an adenyl cyclase
inhibitor) downregulated protein expres-
sion of ABCA1 markedly and decreased
cholesterol efflux.

However, the precise consequence of
this phosphorylation is not clear. Tar-
geted mutation of two of the most prob-
able PKA phosphorylation sites on
ABCA1 have impaired export of cellular
cholesterol, suggesting that PKA may be
a target molecule downstream of ABCA1
(51). A-kinase anchoring proteins contain
a PKA-anchoring domain and a specific
targeting motif that dictates their subcel-
lular localizations. This allows A-kinase
anchoring proteins to regulate the ampli-
tude and duration of PKA activation lo-
cally. Loretta Ma et al. report that st-Ht31,
a membrane permeable peptide inhibitor
of PKA anchoring, increases cytosolic
PKA activity and robustly exports cho-
lesterol as microparticles (65).

Protein Kinase C
PKC activation caused an increase in
apoA-I mediated cholesterol release. This

study indicated that the cholesterol mobi-
lization process was related to PKC acti-
vation by apoA-I (66). Biochemical and
microscopic evidence indicated that
apoA-I activated PKC and then phospho-
rylated ABCA1 (53). ApoA-I initially
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removes cellular FC, PC and sphingo-
myelin (SPM) in the presence of ABCA1;
then the reduction of SPM in the plasma
membrane triggers phosphatidylcholine
phospholipase (PC-PLC) activity, which
catalyzes the hydrolysis of PC to generate
phosphorylcholine for the replenishment
of SPM. This reaction also generates dia-
cylglycerol (DAG), which further acti-
vates PKCo and then phosphorylation of
ABCAL1 (Figure 1B). These reactions even-
tually lead to the protection of ABCA1
from its degradation by calpain (53). In
addition, apoA-I mobilizes intracellular
cholesterol from the ACAT-accessible
compartment for ABCAl-mediated re-
lease via a process involving PKC signal-
ing (66), and pharmacological activation
of PKC could decrease the ACAT-accessi-

ble cholesterol pool. Interestingly, in
mouse fibroblast 1929 cells, the PKC acti-
vation caused an increase in apoA-I-me-
diated cholesterol release without detect-
able changes in phospholipid release and
ABCALI expression. Alternatively, PKC

G,

000000000

(c)

_(_)_.' IL-6

IL-1B8

TNF-a

Figure 1. The binding between apoA-I and ABCAT1 effects signal fransduction pathways.
(A) ApoA-I binding to ABCA1 which couples to Ga, leading to activation of AC, CAMP
production and subsequent PKA-mediated ABCA1 phosphorylation, allowing lipidation of
apoA-l. (B) ApoA-I initially remnoves SPM in the presence of ABCA1.Then the decreasing
SPM in plasma membrane triggers PC-PLC activity. PC-PLC catalyzes the hydrolysis of PC
to generate DAG. And, finally, DAG activates PKCa and then PKCa phosphorylates

ABCATI. (C) The interaction of apoA-I with ABCAT1 increases phosphorylation of JAK2 and
thus activates JAK2. The activated JAK2 further activates STAT3. (D) The interaction of
apoA-l with ABCAT results in activation of Cdc42 and subsequent phosphorylations of
PAK-1 and p54°™€ and polymerization of actin. (E) ApoA-l induces Ca?* influx into cells. The
rise in cytosolic Ca?* then triggers Ca?*-dependent calcineurin pathway. The influx of Ca?*

also increases phosphorylation of JAK2.
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activation can increase apoA-I dependent
efflux through prevention of PEST-
dependent ABCA1 degradation, which
correlates with the dephosphorylation of
Thr-1286 and Thr-1305 within the PEST
sequence (37,53).

Elevating phosphorylation of protein
kinase C-C (PKC-C) recently has been
found to induce binding of PKC-C with
specificity protein 1 (Sp1), which can acti-
vate ABCA1 through physical interaction
with the LXR and RXR heterodimer in the
ABCAT1 promoter (67). Mutation of the
Sp1 binding site in the ABCA1 promoter,
and inhibition of Sp1 DNA binding with
mithramycin A suppressed the ABCA1
promoter activity and reduced the
ABCAT1 expression level. These results
demonstrate that activation of the PKCC-
Spl signaling cascade is a mechanism for
regulation of ABCA1 expression (68).

Janus Kinase 2

It has been reported that a JAK2-
specific inhibitor markedly reduces
apoA-I-mediated lipid transport, and mu-
tant cells lacking JAK?2 have a severely
impaired ABCA1 pathway (55,56). The in-
teraction of apoA-I with ABCA1 for only
minutes would stimulate auto-
phosphorylation of JAK2 in cells (56).
These studies suggest that the interaction
of apoA-I with ABCA1 activates JAK?,
which in turn activates a process that en-
hances lipid removal from cells (55) (Fig-
ure 1C). On the other hand, apoA-I can
stabilize ABCA1 protein even in the ab-
sence of activated JAK2 because inhibition
of JAK2 tyrosine kinase activity reduced
apoA-I-mediated efflux without affecting
the ability of apoA-I to protect ABCA1
from degradation (56). This phenomenon
implies that enhancing lipid removal by
activated JAK2 may be uncorrelated to
the stability of ABCA1. JAK2 modulates
most but not all of the lipid export activ-
ity of ABCA1, and the residual lipid trans-
port mediated by ABCA1 may occur by
JAK2-independent processes (25). It is un-
known whether the JAK2-targeted protein
is ABCA1 or a partner protein.

The apoA-I-mediated activation of
JAK?2 also activates STAT3, which is in-

dependent of the lipid transport func-
tion of ABCA1 (see Figure 1C). ABCA1
contains two candidate STAT3 docking
sites. The interaction of apoA-I with
ABCAL in macrophages suppressed the
lysopolysaccaride-induced secretion of
the inflammatory cytokines such as
interleukin-1p, interleukin-6, and tumor
necrosis factor-a, which was reversed by
silencing STAT3 or ABCAL1. Thus, the
apoA-I/ ABCA1 interaction activates the
JAK2/STAT3 pathway (57), which is
antiinflammatory in macrophages
(69-72). Our studies also demonstrate
IFN-y may first downregulate expression
of LXRa through the JAK/STAT1 signal-
ing pathway and then decrease expres-
sion of ABCA1 and cholesterol efflux in
THP-1 macrophage-derived foam cells
(71,73). Additional work is needed to un-
derstand the important role of ABCA1 in
suppressing macrophage inflammation.

Rho GTPases

Rho family small GTPases, such as
Cdc42, Rho and Rac, regulate cytoskele-
tal reorganization in different ways (74).
Cdc42 forms complexes with proteins
that control the cytoskeletal architecture
and vesicular transport (75). Initially it
was observed that Tangier fibroblasts
lacking ABCA1 displayed an abnormal
actin cytoskeleton that was associated
with decreased expression and activity of
the Cdc42 (76,77). Forced expression of
Cdc42 was shown to enhance apoA-I-
mediated cholesterol efflux, whereas ex-
pression of a dominant negative Cdc42
impaired this efflux (59,76). The exposure
of human fibroblasts to apoA-I results in
a cascade of signaling events, including
activation of Cdc42 and subsequent
phosphorylations of PAK-1 and p54"N®
and polymerization of actin (Figure 1D).
ApoA-I activates Cdc42 signaling and
downstream kinases through the ABCA1
transporter (58,63). Cdc42 could be im-
munoprecipitated with ABCAI, indicat-
ing that these proteins interact with each
other. The exposure of cells to apoA-I
markedly amplifies the ABCA1-Cdc42
interaction. The observations that Cdc42-
ABCAI1 complex formation was absent in
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cells expressing a C-terminally truncated
ABCA1 variant, which showed impaired
Cdc42-dependent signaling, suggest that
the C-terminal domain of ABCAL1 is in-
dispensable for the interaction between
ABCA1 and Cdc42 (58). The exact molec-
ular mechanisms by which ABCA1 cou-
ples apoA-I binding to activation of the
Cdc42 signaling cascade remain to be
elucidated.

Studies have shown accumulation of
RhoA, RhoB, RhoG and Racl in fibro-
blasts from Tangier disease, suggesting
a regulatory role of Rho family proteins
in cholesterol efflux (78). Stimulation
with apoA-I transiently activated RhoA,
and the pharmacological inhibition of
RhoA or the dominant negative RhoA
blocked the ability of apoA-I to stabilize
ABCA1 (24). PDZ-RhoGEF, a member of
the Rho guanine nucleotide exchange
factors (RhoGEFs) family, binds to the
C-terminal PDZ-binding motif of ABCA1
and prevents the degradation of the
transporter by activating RhoA (24). Con-
sequently, RhoA mediates prevention of
ABCA1 degradation and then upregu-
lates cholesterol efflux.

C02+

In resting cells, the cytosolic Ca** con-
centration is maintained at low levels
(100 nmol/L) relative to the extracellular
medium (1-2 mmol/L). This enables cells
to increase cytosolic Ca* levels rapidly
through Ca®" influx, often in conjunction
with Ca®" release from intracellular
stores. The rise in cytosolic Ca** then trig-
gers Ca*’-dependent calcineurin pathway.
Incubation of RAW macrophages with
apoA-T induced Ca*" influx leading to ac-
tivation of calmodulin (CaM) and its
downstream target, calcineurin. An im-
munoprecipitation and glutathione S-
transferase pull-down assay revealed
that ABCA1 directly binds CaM in a
Ca*"-dependent manner. The cytoplasmic
loop of ABCA1 contains a typical
calmodulin binding sequence of 1-5-8-14
motifs (1,245 to 1,257 amino acids). This
motif is located near the ABCA1 Pro-Glu-
Ser-Thr sequence, and the presence of
CaM/Ca®*" protected the peptides from



proteolysis by calpain. Knockdown of
CaM by a specific small interfering RNA
increased the degradation of ABCA1 and
decreased ABCA1 protein as well as
apoA-I mediated lipid release (61,79).
Takahashi et al. reported that extracellular
Ca®" was required for cellular association
of ABCA1 and apoA-I along with apoA-I-
dependent cholesterol efflux (28). Remov-
ing extracellular Ca®" or chelating cytoso-
lic Ca** was equally inhibitory for apoA-I
lipidation. ApoA-I induced Ca*" influx
into cells from the medium. And inhibi-
tion of calcineurin activity by cyclo-
sporine A or FK506 completely abolished
apoA-I lipidation. Furthermore, inhibi-
tion of calcineurin also interfered with
JAK2 phosphorylation and cholesterol ef-
flux (Figure 1E). Since Ca*" depletion or
calcineurin inhibition did not alter ex-
pression and cell surface localization of
ABCAL, this is supportive of JAK2, CaM
and calcineurin modulating apoA-I lipi-
dation without directly modifying
ABCA1 (62). In summary, the Ca**-
dependent calcineurin/JAK2 pathway is
specifically responsible for apoA-I lipida-
tion. Hence, Ca®*-induced activation of
calmodulin could increase the involve-
ment of JAK2 simultaneously in apoA-I-
mediated efflux as well as elevate ABCA1
levels (80). However, the involvement of
Ca®" in atherosclerosis is very complex.
Recent studies have shown Ca*"/CaM-
stimulated phosphodiesterase 1 upregu-
lated the B-catenin/T-cell factor signaling
through phosphatase protein phos-
phatase 2A B56 y subunit in proliferating
vascular smooth muscle cells (63). There-
fore, while some Ca?" treatments could
enhance ABCA1 activity, further research
is required for a better appreciation of
Ca*"-modulating drugs to promote cho-
lesterol efflux pathways.

There are various signaling pathways
including PKA, JAK, CDC42 and others,
which were induced by the binding of
apoA-I to ABCAL1 as discussed above.
Although the relative importance of
these different pathways in the proposed
atheroprotective roles of apoA-I or HDL
remains to be determined, cAMP /PKA
seems to be more proved than other sig-

(a)
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vesicle

Figure 2. Models of ABCAT-mediated lipidatfion of apoA-l. (A) ABCA1 moves FC and PL
from the inner fo outer leaflet of the plassna membrane, and then loads FC and PL onto
apoA-| to generate HDL. (B) ApoA-I binds to ABCAT, C-terminal domain of apoA-I inserts
into the region of the perturbed PL bilayer created by ABCA1 and then is lipidated.

(©) The binding between apoA-I and ABCAT1 generates FC and PL-rich membrane do-
mains. ApoA-l then interacts with lipid domains to promote their solubilization and release
from the cells. (D) ABCAT- and apoA-l-containing vesicles endocytose in cytoplasm,
ABCAT pumps lipids info the vesicle lumen and then apoA-I is lipidated. HDL is released

through exocytosis.

naling pathways in the formation of
HDL as well as the promotion of choles-
terol efflux, which was thought to have
the central beneficial effects of HDL.
Firstly, cilostazol, a selective inhibitor of
phosphodiesterase 3 that delays degra-
dation of the cAMP, has been widely
known to increase the level of HDL in
human (81). Secondly, cAMP /PKA path-
way promotes cholesterol efflux via in-
creasing the expression of ABCA1 (50).
In addition, Bortnick et al. found that
cAMP treatment substantially increased
the mRNA levels of ABCAL1 in J774 and
elicited mouse macrophages (46). It is
worth noting that increasing cytosolic
PKA activity by a membrane-permeable
peptide inhibitor can even reverse the for-
mation of macrophage foam cell through
an ABCA1-dependent manner (65). There
is a need for more critical evaluation in
animal models and the clinic, however, of
other signaling pathways and the differ-
ent functionalities of HDL.

ATP-binding cassette transporter G1
(ABCG1), another G class transporter,

also was found to be a crucial mediator
of cholesterol efflux. Knockdown of
ABCG1 suppresses cholesterol efflux to
mature HDL but not to lipid free apoA-I,
suggesting cholesterol transport medi-
ated by ABCGI1 is different from ABCAL.
On the one side, ABCG1-mediated cho-
lesterol efflux was acting in a sequential
fashion, first with the formation of nas-
cent HDL particles generated by ABCA1,
the lipids of which were then released by
passive diffusion via ABCGI (82). On the
other side, in contrast to the formation of
a high-affinity receptor-ligand complex
of ABCA1 and apoA-I on the cell surface
(12), ABCGI1 did not increase cellular
binding of HDL. Therefore, to date, there
is no existing evidence that suggests any
of signaling pathways mediated by
ABCGT1 has been linked to the function
of HDL.

ABCA1-MEDIATED LIPIDATION OF
ApoA-I|

Different mechanisms including
ABCA1-mediated lipid efflux are sug-
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gested to account for the cellular choles-
terol efflux. However, the molecular
mechanism for ABCAl-mediated lipid
efflux is still poorly understood, though
several possible manners have been pro-
posed. One is that ABCA1 moves FC and
PL from the inner to outer leaflet of the
plasma membrane, and then apoA-I
loads FC and PL to generate HDL (83)
(Figure 2A). It is still unclear how
ABCAL1 translocates their substrates
across membranes. Electron microscopy
and X-ray crystallography analyses sug-
gest that the two symmetrical transmem-
brane bundles come together to form a
chamber that scans the inner leaflet of
the membrane for substrates, incorpo-
rates them into the chamber and flips
them to the outer leaflet for extrusion
from the cells (84-86). This involves a se-
ries of conformational changes in the
ABCAL1 that is driven by ATP hydrolysis
in the NBD domains. Another model
gives emphasis to the influence of
apoA-I structure on ABCAl-mediated ef-
flux of cellular FC and PL. In the first
step, apoA-I binds to ABCA1, then hy-
drophobic a-helices in the C-terminal do-
main of apoA-I insert into the region of
the perturbed PL bilayer created by
ABCAL. The second step is lipidation of
apoA-I and the formation of nascent
high-density lipoprotein particles (87)
(Figure 2B). The first step is the forma-
tion of a tight complex between ABCA1
and ApoA-I, which exhibits a half-life of
approximately 30 min (15). This appears
to be a necessary, but not sufficient, step
for lipid efflux (88), because, in the case
of the ABCA1 mutant (Trp590Ser) that is
associated with Tangier disease, an
apoA-I/ ABCA1 complex also is formed,
but the apoA-I is not lipidated (15). The
third model suggests the binding be-
tween apoA-I and ABCA1 constitutively
generate cholesterol- and phospholipid-
rich membrane domains (89). These do-
mains bend from the plasma membrane
to relieve the strain of the densely
packed phospholipids, generating
curved and disordered lipid surfaces that
favor apoA-I interactions (90,91) (Fig-
ure 2C). This model also has been

demonstrated by the interaction of
apoA-I and DMPC/ cholesterol vesicles
(92). In addition, Takahashi ef al. specu-
lated that apoA-I can be lipidated within
intracellular compartments, where
ABCA1 pumps lipids into the vesicle
lumen and then lipidates apoA-I 28, (93)
(Figure 2D).

Heterogeneous nascent HDLs forma-
tion was observed in several studies
when incubation of apoA-I with Chinese
hamster ovary cells (94) and THP-1
macrophages (95). The presence of extra-
cellular apoA-I induced the formation of
9 and 12 nm particles containing around
3:1 and 1:1 PL/ FC (mol/mol), respec-
tively (96). However, detailed mecha-
nisms of formation of discrete-sized nas-
cent HDL and their characteristics are
needed for further investigations. One
possible explanation is that ABCA1 lipi-
dates apoAl with PL first to form phos-
pholipid rich nascent HDL particles, and
then removes cholesterol from cells by
diffusion 20, (97). ABCAl-mediated FC
and PL efflux may be uncoupled 20 (98)
and different cell lines have shown non-
parallel apoA-I mediated FC and PL
efflux (66).

INFLUENCING FACTORS FOR THE
BINDING BETWEEN ApoA-I AND ABCAI1
ABCAL is highly regulated at both the
transcriptional and posttranscriptional
levels. Studies have proved that inhibit-
ing ABCA1 degradation results in
increased ABCA1 and HDL biogenesis.
Ginkgo biloba extract (EGb761) (99),
spiroquinone (100), diphenoquinone
(100) and calmodulin (61) have been
found to increase the protein stability of
ABCAL1 by reducing calpain activity
without affecting ABCA1T mRNA expres-
sion. On the contrary, probucol inacti-
vated ABCA1 in the plasma membrane
with respect to its proteolytic degrada-
tion by increasing calpain activity (101).
Cyclosporine A inactivated ABCA1 in a
very similar manner to that of probucol
for its biological functions and suscepti-
bility to calpain in the membrane. Cy-
closporin A treatment also decreased
ABCAL turnover and yielded a two-fold
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increase in cell-surface, but decreased
apoA-I uptake, resecretion and degrada-
tion in RAW cells. Taken together, cy-
closporin A treatment induced a 33% re-
duction of HDL levels in mice (102).

In addition, other factors also can in-
fluence the functions of ABCAL1 via dif-
ferent mechanisms. ABCA1 degradation
also is promoted by the ubiquitin protea-
some pathway that is activated by an ex-
cess of free cholesterol (103). Thiol pro-
tease inhibitors increased the levels of
ABCAL1 protein and slowed its decay in
THP-1 macrophage-derived foam cells,
whereas none of the proteasome-specific
inhibitor, other protease inhibitors or the
lysosomal inhibitor NH,Cl showed such
effects (40). Advanced glycation end
product precursors impaired ABCA1-
dependent cholesterol removal from
cells. The reactive carbonyls glyoxal and
glycoaldehyde acutely and severely im-
paired the ABCA1 pathway, presumably
by directly damaging ABCA1 protein,
and abolished its binding of apoA-I
(104).

ApoA-I and ABCA1 mutants also
have been used to show an association
between the cross-linking of apoA-I to
ABCAT1 and lipid efflux. Angeliki et al.
correlated the cross-linking properties of
several apoA-I mutants with their ability
to promote cholesterol efflux. They
found that amino-terminal deletion and
double amino- and carboxy-terminal
deletion mutants of apoA-I competed ef-
fectively the cross-linking of apoA-I to
ABCAL, while the carboxy-terminal
deletion mutant apoA-I competed
poorly. These findings provided a direct
association of different combinations of
apoA-I helices with a complementary
ABCA1 domain, suggesting mutations
that alter ABCA1/apoA-I association af-
fect cholesterol efflux and inhibit biogen-
esis of HDL (21). ApoA-I/ ABCAL1 cross-
linking in Tangier disease patients was
reduced dramatically to 5% to 10% of
the WT groups. The ABCA1 has two
large extracellular loops, probably
linked by a disulfide bond, located on
each of the two transmembrane domains
(105,106). Importantly, many ABCA1



missense mutations causing Tangier dis-
ease have been identified in these loops
(107). A functional test of these muta-
tions in transfected cells revealed defects
in apoA-I binding and cellular lipid ef-
flux. Three naturally occurring single
amino acid changes in the two largest
extracellular loops of ABCA1 (Q597R,
C1477R and S1506L) had dramatically
reduced the cross-linking efficiency of
ABCAT1 to apoA-I. In addition, for all
ABCA1 mutants, there were profound
deficits in efflux activity of lipids, which
were measured by cholesterol efflux as-
says (105). The C-terminal VFVNFA
motif of ABCA1 has been shown to be
essential for its lipid efflux activity. Al-
teration of this motif did not prevent
trafficking of the transporter to the
plasma membrane, but did eliminate
apoA-I binding to ABCA1 (108). Interest-
ingly, one substitution mutation
(W590S), however, reduces apolipopro-
tein-mediated lipid efflux severely but
increased apoA-I binding moderately
(105). These results suggested that
apoA-I directly binds ABCAL1 at the cell
surface without requiring the ability of
ABCAL to mediate lipid efflux. The
moderate increase in apoA-I binding to
W590S may imply that dissociation of
apoA-I from ABCA1 could be facilitated
by lipid efflux to apolipoproteins and is
consistent with the earlier finding that
ABCAI1 binds apoA-I but not HDL, (17).
The observation of apoA-I mutants
may provide new insight into the
apoA-I/ABCA1 interactions. ABCA1-
mediated efflux of cholesterol and PL
were decreased moderately by apoA-I
amino-terminal deletions and were di-
minished by carboxy-terminal deletions
in which residues 220-231 were removed
(109,110). These findings suggest that
residues 220-231 of apoA-I are necessary
to functional interactions between the
full-length apoA-I and ABCAI, though
the central helices of apoA-I alone can
promote ABCA1-mediated lipid efflux.
Phospholipid vesicles containing a natu-
ral occurring mutant form of apoA-I
(R173C), called apoA-I(Milano) (apoA-
1[M]), reduced atherosclerosis in animal

models (111,112) or human subjects (113).
While Alexander et al. demonstrated WT
apoA-I and apoA-I(M) are equally effi-
cient at promoting macrophage reverse
cholesterol transport, suggesting that if
apoA-I(M) is more atheroprotective than
WT apoA-I it is not attributable to an en-
hancement of macrophage reverse cho-
lesterol transport (114).

CONCLUSION

The binding of apoA-I to ABCA1 pro-
motes cellular cholesterol and phospho-
lipid efflux. Both apoA-I and ABCA1
play critical roles in the formation of
HDL. Therefore, understanding the
mechanisms by which pre-p HDLs are
formed through the interaction of apoA-I
with ABCA1 would fill in the molecular
details into HDL formation process and
further help to develop strategies to in-
crease plasma HDL concentrations. In
this article, we have reviewed the possi-
ble manners of the apoA-I and ABCA1
interactions. ApoA-I markedly increases
the protein level of ABCA1, which in
turn stabilizes apoA-I. The interaction
not only executes inside-out effector
functions, such as cholesterol and /or
phospholipid efflux, but also mediates
outside-in signal transduction. The
apoA-I/ ABCA1 interactions may have
multiple biological effects that are lipid
export dependent or independent. Al-
though several possible signal transduc-
tion pathways have been mentioned in
our current review, a clear consensus on
which pathway acts as the critical regula-
tor is still unknown. Additional studies
are needed to identify the molecular
components of the apoA-I/ ABCA1 path-
way mediating its antiinflammatory ac-
tivity, and to determine its contribution
to disease protection in humans. Many
factors could influence the binding of
apoA-I/ ABCAI. Studies of apoA-I and
ABCA1 mutants have also shown an as-
sociation between apoA-I cross-linking to
ABCALI and lipid efflux. In summary,
further work needs to be undertaken to
unravel the functions of the binding of
apoA-I to ABCAI and the signal trans-
duction pathways initiated by the inter-
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action so that we can uncover novel ther-
apeutic targets for treating interrelated
diseases.

ACKNOWLEDGMENTS

The authors gratefully acknowledge
the financial support from the National
Natural Sciences Foundation of China
(81170278, 81070220), Heng Yang Joint
Funds of Hunan Provincial Natural Sci-
ences Foundation of China (10]J9019),
and Aid Program for Science and Tech-
nology Innovative Research Team in
Higher Educational Institutions (2008-
244) of Human Province, China.

DISCLOSURE

The authors declare that they have no
competing interests as defined by Molec-
ular Medicine, or other interests that
might be perceived to influence the re-
sults and discussion reported in this

Ppaper.

REFERENCES

1. Vergeer M, Holleboom AG, Kastelein JJ, Kuiven-
hoven JA. (2010) The HDL hypothesis: does
high-density lipoprotein protect from atheroscle-
rosis? J. Lipid Res. 51:2058-73.

2. Yang R, et al. (2010) A genome-wide linkage scan
identifies multiple quantitative trait loci for
HDL-cholesterol levels in families with prema-
ture CAD and ML. J. Lipid Res. 51:1442-51.

3. Fielding CJ, Fielding PE. (1995) Molecular physi-
ology of reverse cholesterol transport. ]. Lipid
Res. 36:211-28.

4. Pieters MN, Schouten D, Van Berkel TJ. (1994) In
vitro and in vivo evidence for the role of HDL in
reverse cholesterol transport. Biochim. Biophys.
Acta. 1225:125-34.

5. Duffy D, Rader DJ. (2006) Emerging therapies
targeting high-density lipoprotein metabolism
and reverse cholesterol transport. Circulation.
113:1140-50.

6. Niesor EJ, et al. 2010) Modulating cholesteryl
ester transfer protein activity maintains efficient
pre-beta-HDL formation and increases reverse
cholesterol transport. J. Lipid Res. 51:3443-54.

7. YeD, et al. (2010) ATP-binding cassette trans-
porters Al and G1, HDL metabolism, cholesterol
efflux, and inflammation: important targets for
the treatment of atherosclerosis. Curr. Drug Tar-
gets. 12:647-60.

8. Yancey PG, et al. (2003) Importance of different
pathways of cellular cholesterol efflux. Arte-
rioscler. Thromb. Vasc. Biol. 23:712-9.

9. Oram JF. (2003) HDL apolipoproteins and
ABCAL: partners in the removal of excess cellu-

MOL MED 18:149-158, 2012 | ZHAO ET AL. | 155



INTERACTION OF ApoA-1 AND ABCAI1 TRIGGERS SIGNAL TRANSDUCTION

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

156 |

lar cholesterol. Arterioscler. Thromb. Vasc. Biol.
23:720-7.

Wang N, Tall AR. (2003) Regulation and mecha-
nisms of ATP-binding cassette transporter Al-
mediated cellular cholesterol efflux. Arterioscler.
Thromb. Vasc. Biol. 23:1178-84.

Remaley AT, et al. (2001) Apolipoprotein speci-
ficity for lipid efflux by the human ABCAI
transporter. Biochem. Biophys. Res. Commun.
280:818-23.

Yin K, Liao DF, Tang CK. (2010) ATP-binding
membrane cassette transporter A1 (ABCA1): a
possible link between inflammation and reverse
cholesterol transport. Mol. Med. 16:438-49.
Navab M, Reddy ST, Van Lenten BJ, Fogelman
AM. (2011) HDL and cardiovascular disease:
atherogenic and atheroprotective mechanisms.
Nat. Rev. Cardiol. 8:222-32.

Nandedkar SD, et al. (2011) D-4F, an apoA-1
mimetic, decreases airway hyperresponsiveness,
inflammation, and oxidative stress in a murine
model of asthma. J. Lipid Res. 52:499-508.
Fitzgerald ML, et al. (2004) ABCA1 and amphi-
pathic apolipoproteins form high-affinity molec-
ular complexes required for cholesterol efflux.

J. Lipid Res. 45:287-94.

Oram JE, Wolfbauer G, Vaughan AM, Tang C,
Albers JJ. (2003) Phospholipid transfer protein in-
teracts with and stabilizes ATP-binding cassette
transporter Al and enhances cholesterol efflux
from cells. J. Biol. Chem. 278:52379-85.

Wang N, Silver DL, Costet P, Tall AR. (2000) Spe-
cific binding of ApoA-I, enhanced cholesterol ef-
flux, and altered plasma membrane morphology
in cells expressing ABC1. ]. Biol. Chem. 275:33053-8.
Chambenoit O, et al. (2001) Specific docking of
apolipoprotein A-I at the cell surface requires a
functional ABCA1 transporter. J. Biol. Chem.
276:9955-60.

Smith JD, Waelde C, Horwitz A, Zheng P. (2002)
Evaluation of the role of phosphatidylserine
translocase activity in ABCA1-mediated lipid
efflux. J. Biol. Chem. 277:17797-803.

Wang N, Silver DL, Thiele C, Tall AR. (2001)
ATP-binding cassette transporter A1 (ABCA1)
functions as a cholesterol efflux regulatory pro-
tein. J. Biol. Chem. 276:23742-7.

Chroni A, Liu T, Fitzgerald ML, Freeman MW,
Zannis VI. (2004) Cross-linking and lipid efflux
properties of apoA-I mutants suggest direct asso-
ciation between apoA-I helices and ABCAL1. Bio-
chemistry. 43:2126-39.

Hassan HH, et al. (2007) Identification of an
ABCA1-dependent phospholipid-rich plasma
membrane apolipoprotein A-I binding site for
nascent HDL formation: implications for current
models of HDL biogenesis. ]. Lipid Res. 48:
2428-42.

Vedhachalam C, et al. (2007) ABCA1-induced cell
surface binding sites for ApoA-I. Arterioscler.
Thromb. Vasc. Biol. 27:1603-9.

Okubhira K, et al. (2010) Binding of PDZ-RhoGEF
to ATP-binding cassette transporter A1 (ABCA1)
induces cholesterol efflux through RhoA activa-

ZHAO ET AL. |

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

tion and prevention of transporter degradation.
J. Biol. Chem. 285:16369-77.

Vaughan AM, Tang C, Oram JF. (2009) ABCA1
mutants reveal an interdependency between
lipid export function, apoA-I binding activity,
and Janus kinase 2 activation. . Lipid Res.
50:285-92.

Denis M, Landry YD, Zha X. (2008) ATP-binding
cassette Al-mediated lipidation of apolipopro-
tein A-T occurs at the plasma membrane and not
in the endocytic compartments. J. Biol. Chem.
283:16178-86.

Neufeld EB, et al. (2001) Cellular localization and
trafficking of the human ABCAL transporter.

J. Biol. Chem. 276:27584-90.

Takahashi Y, Smith JD. (1999) Cholesterol efflux
to apolipoprotein Al involves endocytosis and
resecretion in a calcium-dependent pathway.
Proc. Natl. Acad. Sci. U. S. A. 96:11358-63.

Heeren J, Weber W, Beisiegel U. (1999) Intracellu-
lar processing of endocytosed triglyceride-rich
lipoproteins comprises both recycling and degra-
dation. J. Cell Sci. 112 (Pt 3): 349-59.

Neufeld EB, et al. (2004) The ABCA1 transporter
modulates late endocytic trafficking: insights
from the correction of the genetic defect in Tang-
ier disease. J. Biol. i. 279:15571-8.

Lorenzi I, von Eckardstein A, Cavelier C, Ra-
dosavljevic S, Rohrer L. (2008) Apolipoprotein
A-I but not high-density lipoproteins are inter-
nalised by RAW macrophages: roles of ATP-
binding cassette transporter Al and scavenger
receptor BIL. ] Mol. Med. 86:171-83.

Hassan HH, et al. (2008) Quantitative analysis of
ABCA1-dependent compartmentalization and
trafficking of apolipoprotein A-I: implications for
determining cellular kinetics of nascent high
density lipoprotein biogenesis. J. Biol. Chem.
283:11164-75.

Singaraja RR, et al. (2009) Palmitoylation of ATP-
binding cassette transporter Al is essential for its
trafficking and function. Circ. Res. 105:138-47.
Faulkner LE, et al. (2008) An analysis of the role
of a retroendocytosis pathway in ABCAl-medi-
ated cholesterol efflux from macrophages. J. Lipid
Res. 49:1322-32.

Tang CK, et al. (2004) Effect of apolipoprotein A-I
on ATP binding cassette transporter Al degrada-
tion and cholesterol efflux in THP-1 macrophage-
derived foam cells. Acta. Biochim. Biophys. Sin.
Shanghai. 36:218-26.

Wang N, et al. (2003) A PEST sequence in ABCA1
regulates degradation by calpain protease and
stabilization of ABCA1 by apoA-I. J. Clin. Invest.
111:99-107.

Martinez LO, Agerholm-Larsen B, Wang N, Chen
W, Tall AR. (2003) Phosphorylation of a pest se-
quence in ABCA1 promotes calpain degradation
and is reversed by ApoA-1. ]. Biol. Chem. 278:
37368-74.

Kasza I, et al. (2009) Model system for the analy-
sis of cell surface expression of human ABCA1.
BMC Cell Biol. 10:93.

MOL MED 18:149-158, 2012

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Imajoh S, Kawasaki H, Suzuki K. (1986) The
amino-terminal hydrophobic region of the small
subunit of calcium-activated neutral protease
(CANP) is essential for its activation by phos-
phatidylinositol. J. Biochem. 99:1281-4.

Arakawa R, Yokoyama S. (2002) Helical apo-
lipoproteins stabilize ATP-binding cassette
transporter Al by protecting it from thiol pro-
tease-mediated degradation. J. Biol. Chem.
277:22426-9.

Lu R, Arakawa R, Ito-Osumi C, Iwamoto N,
Yokoyama S. (2008) ApoA-I facilitates ABCALT re-
cycle/accumulation to cell surface by inhibiting
its intracellular degradation and increases HDL
generation. Arterioscler. Thromb. Vasc. Biol. 28:
1820-4.

Francis GA, Knopp RH, Oram JFE. (1995) Defec-
tive removal of cellular cholesterol and phospho-
lipids by apolipoprotein A-I in Tangier Disease.
J. Clin. Invest. 96:78-87.

Delgado-Lista J, et al. (2010) ABCA1 gene vari-
ants regulate postprandial lipid metabolism in
healthy men. Arterioscler. Thromb. Vasc. Biol.
30:1051-7.

. Mulya A, et al. (2008) Initial interaction of apoA-I

with ABCA1 impacts in vivo metabolic fate of
nascent HDL. ]. Lipid Res. 49:2390-401.

Cavelier C, Rohrer L, von Eckardstein A. (2006)
ATP-Binding cassette transporter A1l modulates
apolipoprotein A-I transcytosis through aortic
endothelial cells. Circ. Res. 99:1060-6.
Abe-Dohmae S, et al. (2000) Characterization of
apolipoprotein-mediated HDL generation in-
duced by cAMP in a murine macrophage cell
line. Biochemistry. 39:11092-9.

Oram JF, Lawn RM, Garvin MR, Wade DP. (2000)
ABCAL is the cAMP-inducible apolipoprotein re-
ceptor that mediates cholesterol secretion from
macrophages. J. Biol. Chem. 275:34508-11.
Bortnick AE, et al. (2000) The correlation of ATP-
binding cassette 1 mRNA levels with cholesterol
efflux from various cell lines. J. Biol. Chem. 275:
28634-40.

Haidar B, Denis M, Marcil M, Krimbou L, Genest
J Jr. (2004) Apolipoprotein A-I activates cellular
cAMP signaling through the ABCAL1 transporter.
J. Biol. Chem. 279:9963-9.

Haidar B, Denis M, Krimbou L, Marcil M, Genest
J Jr. (2002) cAMP induces ABCA1 phosphoryla-
tion activity and promotes cholesterol efflux
from fibroblasts. J. Lipid Res. 43:2087-94.

See RH, ef al. (2002) Protein kinase A site-specific
phosphorylation regulates ATP-binding cassette
A1 (ABCA1)-mediated phospholipid efflux.

J. Biol. Chem. 277:41835-42.

Yang J, et al. (2007) Effect of apolipoproteinA-I
on expression and function of ATP-binding
cassette transporter Al through PKA signaling.
Prog. Biochem. Biophys. 34:611-9.

Yamauchi Y, Hayashi M, Abe-Dohmae S,
Yokoyama S. (2003) Apolipoprotein A-I activates
protein kinase C alpha signaling to phosphory-
late and stabilize ATP binding cassette trans-



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

porter Al for the high density lipoprotein assem-
bly. J. Biol. Chem. 278:47890-7.

Delvecchio CJ, Capone JP. (2008) Protein kinase C
alpha modulates liver X receptor alpha transacti-
vation. J. Endocrinol. 197:121-30.

Tang C, Vaughan AM, Oram JF. (2004) Janus ki-
nase 2 modulates the apolipoprotein interactions
with ABCA1 required for removing cellular cho-
lesterol. J. Biol. Chem. 279:7622-8.

Tang C, Vaughan AM, Anantharamaiah GM,
Oram JF. (2006) Janus kinase 2 modulates the
lipid-removing but not protein-stabilizing inter-
actions of amphipathic helices with ABCA1.

J. Lipid Res. 47:107-14.

Tang C, Liu Y, Kessler PS, Vaughan AM, Oram JE.
(2009) The macrophage cholesterol exporter
ABCAL1 functions as an anti-inflammatory recep-
tor. J. Biol. Chem. 284:32336-43.

Nofer JR, et al. (2006) Apolipoprotein A-I acti-
vates Cdc42 signaling through the ABCA1 trans-
porter. J. Lipid Res. 47:794-803.

Nofer JR, et al. (2003) Involvement of Cdc42 sig-
naling in apoA-I-induced cholesterol efflux.

J. Biol. Chem. 278:53055-62.

Tsukamoto K, et al. (2002) Retarded intracellu-
lar lipid transport associated with reduced ex-
pression of Cdc42, a member of Rho-GTPases,
in human aged skin fibroblasts: a possible func-
tion of Cdc42 in mediating intracellular lipid
transport. Arterioscler. Thromb. Vasc. Biol.
22:1899-904.

Iwamoto N, Lu R, Tanaka N, Abe-Dohmae S,
Yokoyama S. (2010) Calmodulin interacts with
ATP binding cassette transporter Al to protect
from calpain-mediated degradation and upregu-
lates high-density lipoprotein generation. Arte-
rioscler. Thromb. Vasc. Biol. 30:1446-52.
Karwatsky J, Ma L, Dong F, Zha X. (2010) Cho-
lesterol efflux to apoA-I in ABCAT-expressing
cells is regulated by Ca2+-dependent calcineurin
signaling. J. Lipid Res. 51:1144-56.

Jeon KI, et al. (2010) Ca2+/ calmodulin-stimulated
PDEL regulates the beta-catenin/ TCF signaling
through PP2A B56 gamma subunit in proliferat-
ing vascular smooth muscle cells. FEBS |.
277:5026-39.

Hu YW, et al. (2009) Eicosapentaenoic acid re-
duces ABCAL1 serine phosphorylation and im-
pairs ABCA1-dependent cholesterol efflux
through cyclic AMP/ protein kinase A signaling
pathway in THP-1 macrophage-derived foam
cells. Atherosclerosis. 204:e35—43.

Ma L, et al. (2011) Ht31, a protein kinase A an-
choring inhibitor, induces robust cholesterol ef-
flux and reverses macrophage foam cell forma-
tion through ATP-binding cassette transporter
ALl. . Biol. Chem. 286:3370-8.

Yamauchi Y, et al. (2004) Intracellular cholesterol
mobilization involved in the ABCA1/
apolipoprotein-mediated assembly of high den-
sity lipoprotein in fibroblasts. ]. Lipid Res.
45:1943-51.

Thymiakou E, Zannis VI, Kardassis D. (2007) Phys-
ical and functional interactions between liver X

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

receptor/retinoid X receptor and Sp1 modulate the
transcriptional induction of the human ATP bind-
ing cassette transporter Al gene by oxysterols and
retinoids. Biochemistry. 46:11473-83.

Chen X, et al. (2011) Transcriptional regulation of
ATP-binding cassette transporter Al expression
by a novel signaling pathway. J. Biol. Chem.
286:8917-23.

Williams LM, et al. (2007) Expression of constitu-
tively active STAT3 can replicate the cytokine-
suppressive activity of interleukin-10 in human
primary macrophages. J. Biol. Chem. 282:6965-75.
Murray PJ. (2006) Understanding and exploiting
the endogenous interleukin-10/STAT3-mediated
anti-inflammatory response. Curr. Opin. Pharma-
col. 6:379-86.

Hao XR, et al. (2009) IFN-gamma down-regulates
ABCAL1 expression by inhibiting LXRalpha in a
JAK/STAT signaling pathway-dependent man-
ner. Atherosclerosis. 203:417-28.

Wool GD, et al. (2011)4F Peptide reduces nascent
atherosclerosis and induces natural antibody
production in apolipoprotein E-null mice. Faseb .
25:290-300.

Yin K, et al. (2011) Tristetraprolin-dependent
posttranscriptional regulation of inflammatory
cytokines mRNA expression by apolipoprotein
A-I: role of ATP-binding membrane cassette
transporter Al and signal transducer and activa-
tor of transcription 3. J. Biol. Chem. 286:13834-45.
Matsunaga T, et al. (1991) Apolipoprotein A-I de-
ficiency due to a codon 84 nonsense mutation of
the apolipoprotein A-I gene. Proc. Natl. Acad. Sci.
U.S. A. 88:2793-7.

Takai Y, Sasaki T, Matozaki T. (2001) Small GTP-
binding proteins. Physiol. Rev. 81:153-208.
Hirano K, et al. (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.
484:275-9.

Tsukamoto K, et al. (2001) ATP-binding cassette
transporter-1 induces rearrangement of actin cy-
toskeletons possibly through Cdc42/N-WASP.
Biochem. Biophys. Res. Commun. 287:757-65.
Utech M, et al. (2001) Accumulation of RhoA,
RhoB, RhoG, and Racl in fibroblasts from Tang-
ier disease subjects suggests a regulatory role of
Rho family proteins in cholesterol efflux.
Biochem. Biophys. Res. Commun. 280:229-36.

Li], et al. (2010) Exendin-4 regulates pancreatic
ABCAL1 transcription via CaMKK/CaMKIV
pathway. J. Cell Mol. Med. 14:1083-7.

Mulay V, Wood P, Rentero C, Enrich C, Grewal T.
(2011) Signal transduction pathways provide
opportunities to enhance HDL and apoAl-
dependent reverse cholesterol transport. Curr.
Pharm. Biotechnol. 2011, Apr 6 [Epub ahead of
print].

Nakaya K, et al. (2010) Cilostazol enhances
macrophage reverse cholesterol transport in vitro
and in vivo. Atherosclerosis. 213:135-41.

Tall AR. (2008) Cholesterol efflux pathways and
other potential mechanisms involved in the

MOL MED 18:149-158, 2012 |

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

REVIEW ARTICLE

athero-protective effect of high density lipopro-
teins. J. Intern. Med. 263:256-73.

Nagao K, et al. (2007) Enhanced apoA-I-
dependent cholesterol efflux by ABCA1 from
sphingomyelin-deficient Chinese hamster ovary
cells. J. Biol. Chem. 282:14868-74.

Rosenberg MF, Callaghan R, Ford RC, Higgins
CF. (1997) Structure of the multidrug resistance
P-glycoprotein to 2.5 nm resolution determined
by electron microscopy and image analysis.

J. Biol. Chem. 272:10685-94.

Ward A, Reyes CL, Yu ], Roth CB, Chang G.
(2007) Flexibility in the ABC transporter MsbA:
Alternating access with a twist. Proc. Natl. Acad.
Sci. U. S. A. 104:19005-10.

Dawson RJ, Locher KP. (2006) Structure of a bacte-
rial multidrug ABC transporter. Nature. 443:180-5.
Vedhachalam C, et al. (2004) Influence of ApoA-I
structure on the ABCAl-mediated efflux of cellu-
lar lipids. J. Biol. Chem. 279:49931-9.
Lapicka-Bodzioch K, et al. (2001) Homogeneous
assay based on 52 primer sets to scan for muta-
tions of the ABCA1 gene and its application in
genetic analysis of a new patient with familial
high-density lipoprotein deficiency syndrome.
Biochim. Biophys. Acta. 1537:42-8.

Vaughan AM, Oram JF. (2003) ABCAL1 redistrib-
utes membrane cholesterol independent of apo-
lipoprotein interactions. J. Lipid Res. 44:1373-80.
Lin G, Oram JF. (2000) Apolipoprotein binding to
protruding membrane domains during removal
of excess cellular cholesterol. Atherosclerosis. 149:
359-70.

Vedhachalam C, et al. (2007) Mechanism of ATP-
binding cassette transporter Al-mediated cellular
lipid efflux to apolipoprotein A-I and formation
of high density lipoprotein particles. J. Biol. Chem.
282:25123-30.

Vedhachalam C, et al. (2010) Influence of apo-
lipoprotein (Apo) A-I structure on nascent high
density lipoprotein HDL) particle size distribu-
tion. J. Biol. Chem. 285:31965-73.
Santamarina-Fojo S, Remaley AT, Neufeld EB,
Brewer HB Jr. (2001) Regulation and intracellular
trafficking of the ABCA1 transporter. |. Lipid Res.
42:1339-45.

Forte TM, Bielicki JK, Knoff L, McCall MR. (1996)
Structural relationships between nascent apoA-I-
containing particles that are extracellularly as-
sembled in cell culture. . Lipid Res. 37:1076-85.
Bielicki JK, McCall MR, Forte TM. (1999)
Apolipoprotein A-I promotes cholesterol release
and apolipoprotein E recruitment from THP-1
macrophage-like foam cells. . Lipid Res. 40:85-92.
Liu L, et al. (2003) Effects of apolipoprotein A-I on
ATP-binding cassette transporter Al-mediated ef-
flux of macrophage phospholipid and cholesterol:
formation of nascent high density lipoprotein
particles. . Biol. Chem. 278:42976-84.

Fielding PE, Nagao K, Hakamata H, Chimini G,
Fielding CJ. (2000) A two-step mechanism for
free cholesterol and phospholipid efflux from
human vascular cells to apolipoprotein A-1. Bio-
chemistry. 39:14113-20.

ZHAO ET AL. | 1587



INTERACTION OF ApoA-I AND ABCAI

99

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

15

. Sun Y, et al. (2003) Stearoyl-CoA desaturase in-
hibits ATP-binding cassette transporter Al-
mediated cholesterol efflux and modulates
membrane domain structure. | Biol. Chem.
278:5813-20.

. TsaiJY, et al. (2010) EGb761 ameliorates the for-

mation of foam cells by regulating the expres-

sion of SR-A and ABCAT1: role of haem oxyge-

nase-1. Cardiovasc. Res. 88:415-23.

Arakawa R, et al. (2009) Pharmacological inhibi-

tion of ABCA1 degradation increases HDL bio-

genesis and exhibits antiatherogenesis. J. Lipid

Res. 50:2299-305.

Wu CA, Tsujita M, Hayashi M, Yokoyama S.

(2004) Probucol inactivates ABCAT1 in the

plasma membrane with respect to its mediation

of apolipoprotein binding and high density
lipoprotein assembly and to its proteolytic deg-

radation. J. Biol. Chem. 279:30168-74.

Le Goff W, et al. (2004) Cyclosporin A traps

ABCAL at the plasma membrane and inhibits

ABCA1-mediated lipid efflux to apolipoprotein

A-L. Arterioscler. Thromb. Vasc. Biol. 24:2155-61.

Feng B, Tabas I. (2002) ABCAl-mediated choles-

terol efflux is defective in free cholesterol-

loaded macrophages. Mechanism involves
enhanced ABCA1 degradation in a process
requiring full NPC1 activity. ]. Biol. Chem.

277:43271-80.

Passarelli M, et al. (2005) Advanced glycation

end product precursors impair ABCA1-

dependent cholesterol removal from cells.

Diabetes. 54:2198-205.

Fitzgerald ML, et al. (2002) Naturally occurring

mutations in the largest extracellular loops of

ABCAL1 can disrupt its direct interaction with

apolipoprotein A-I. J. Biol. Chem. 277:33178-87.

Tanaka AR, et al. (2003) Effects of mutations of

ABCAL in the first extracellular domain on sub-

cellular trafficking and ATP binding/hydro-

lysis. ]. Biol. Chem. 278:8815-9.

Clee SM, et al. (2000) Age and residual choles-

terol efflux affect HDL cholesterol levels and

coronary artery disease in ABCA1 heterozy-

gotes. J. Clin. Invest. 106:1263-70.

Fitzgerald ML, et al. (2004) ATP-binding cassette

transporter Al contains a novel C-terminal

VFVNFA motif that is required for its choles-

terol efflux and ApoA-I binding activities.

J. Biol. Chem. 279:48477-85.

Chroni A, et al. (2003) The central helices of

ApoA-I can promote ATP-binding cassette

transporter A1 (ABCA1)-mediated lipid efflux.

Amino acid residues 220-231 of the wild-type

ApoA-T are required for lipid efflux in vitro and

high density lipoprotein formation in vivo.

J. Biol. Chem. 278:6719-30.

Panagotopulos SE, et al. (2002) The role of

apolipoprotein A-I helix 10 in apolipoprotein-

mediated cholesterol efflux via the ATP-binding
cassette transporter ABCA1. |. Biol. Chem.

277:39477-84.

Chiesa G, et al. (2002) Recombinant apolipo-

8 | ZHAO ET AL. |

TRIGGERS SIGNAL TRANSDUCTION

protein A-I(Milano) infusion into rabbit carotid
artery rapidly removes lipid from fatty streaks.
Circ. Res. 90:974-80.

Shah PK, et al. (2001) High-dose recombinant
apolipoprotein A-I(Milano) mobilizes tissue cho-

112.

lesterol and rapidly reduces plaque lipid and
macrophage content in apolipoprotein E-deficient
mice. Potential implications for acute plaque sta-
bilization. Circulation. 103:3047-50.

Nissen SE, et al. (2003) Effect of recombinant
ApoA-I Milano on coronary atherosclerosis in

113.

patients with acute coronary syndromes: a ran-

domized controlled trial. JAMA. 290:2292-300.
114. Alexander ET, et al. (2009) Macrophage reverse
cholesterol transport in mice expressing ApoA-I
Milano. Arterioscler. Thromb. Vasc. Biol.

29:1496-501.

MOL MED 18:149-158, 2012




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


