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Abstract

Almost half of the 48 human ATP binding cassette (ABC) transporter proteins are thought to
facilitate the ATP-dependent translocation of lipids or lipid-related compounds. Such substrates
include cholesterol, plant sterols, bile acids, phospholipids and sphingolipids. Mutations in a
substantial number of the 48 human ABC transporters have been linked to human disease. Indeed
the finding that 12 diseases have been associated with abnormal lipid transport and/or
homeostasis, demonstrates the importance of this family of transporters in cell physiology. This
review highlights the role of ABC transporters in lipid transport and movement, in addition to
discussing their roles in cellular homeostasis and inherited disorders.
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The ABC’s of lipid transport

ATP binding cassette (ABC) transporters (see Glossary) are transmembrane proteins that
utilize the hydrolysis of ATP to facilitate the movement of a wide variety of substrates
across membrane bilayers. There are more than 250 members in the ABC superfamily that
simplistically can be thought of as importers or exporters [1]. Importers are typically
associated with the uptake of hydrophilic nutrients, such as peptides, ions, and sugars, into
the cell, and are common in bacteria and absent from eukaryotes. Both eukaryotes and
prokaryotes possess ABC transporters that function to export substrates out of the cytosol
and either into an organelle, or across the plasma membrane and out of the cell.

Proteins are classified as ABC transporters based on the organization of their ATP binding
cassette, a region that spans ~180 amino acids, and contains three highly conserved motifs:
the Walker A/P-loop (12 amino acids), a Signature motif/C-loop (5 amino acids) and the
Walker B motif (5 amino acids). Functional ABC transporters contain two transmembrane
domains (TMD), each generally thought to consist of six transmembrane a-helices, and two
ABCs [1]. ABC transporters can be further divided into either “full” or “half” transporters.
In full transporters, the two TMD and two ABCs are encoded by a single polypeptide, where
the two ABCs interact and hydrolyze ATP thereby generating energy for substrate transport.
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Half-transporters, in which the polypeptide chain encodes just one TMD and one ABC are
thought to homo- or hetero-dimerize to form a functional transporter. Based on
hydrophobicity plots a number of “full” transporters have additional TM a-helices whose
function is poorly understood. There are 11 complete crystal structures of ABC transporters
(9 prokaryote, 2 eukaryote) [2-11] and only two structures have been solved bound to a
substrate (the maltose permease [4]) or an inhibitor (mouse ABCB1 [2]). From these
medium-resolution (3.8A and 3.4A) structures a model has been proposed where a pore is
formed by the traditional 12 TM a-helices [2, 3].

ABC transporters, also known as primary active transporters, drive substrate flow against a
concentration gradient by coupling movement to energy released by ATP hydrolysis. There
are other families of membrane transport proteins, such as the solute carrier (SLC) group of
transporters [12]. SLC proteins differ from ABC transporters and can be categorized as
either facilitative transporters, or secondary active transporters. Facilitative transporters
allow substrates to move “downhill” along their concentration gradient, whereas secondary
active transporters allow substrates to move “uphill” or against their concentration gradients,
by coupling transport to a secondary molecule moving “downhill”, thus maintaining
economical energy expenditure [12]. There are over 300 SLC proteins, and many have been
implicated in lipid transport. These include the apical sodium dependent bile acid transporter
(ASBT) bile salt transporters, sodium-taurocholate co-transporting peptide (NTCP), organic
anion-transporting polypeptide (OATP), organic solute transporter alpha and beta (OSTa
and OSTP) [13]. Finally, there are P-type ATPase transporters that are also classified as
primary active transporters [14]. These proteins are both transporters and enzymes that also
utilize the energy released during ATP hydrolysis to transport ions and lipid molecules
across cell membranes. ATPases catalyze auto/self-phosphorylation of a specific aspartate
residue, which results in a conformational change in the transporter [14]. ATPases also
possess Walker A and Walker B motifs that form the ATP binding site on the ATPase
domain, yet they do not have the LSGGQ signature motif that is unique to ABC transporters.
In particular, type 1V (P4) ATPases have been implicated in the translocation of
phospholipids [15].

Why do we need lipid transporters?

Lipids are broadly classified as hydrophobic molecules that are soluble in organic solvents
and insoluble in aqueous solution. However a number of lipids, including phospholipids, are
amphipathic as they have distinct surfaces or domains that are charged and uncharged. This
allows them to form micelles or liposome structures in aqueous solutions. Lipids such as
sterols, sterol esters, phospholipids, triglycerides, fat-soluble vitamins, and waxes are
insoluble in water, and thus require specific transport mechanisms or carriers (e.g. plasma
lipoproteins, fatty acid binding proteins) to move them through the blood or cytoplasm.
Lipophilic molecules however, can passively diffuse across membranes, driven by
concentration gradients, the availability of acceptors that facilitate desorption from the
membrane bilayer, and by cellular metabolism.

Phospholipids diffuse (passive “flip-flop”) between artificial membrane leaflets at a slow
rate (diffusion between leaflet layers at a rate of 1071° cm? s™1), with half times of hours,
whereas cholesterol moves at a much faster rate with half times of 10 ms to 1 min [16].
Indeed, it was originally thought that hydrophobic molecules, such as phospholipids, could
be readily inserted into membrane bilayers and diffuse across bilayer leaflets. However,
mice with a deletion in the ABCB4 (MDR?2) transporter lack the ability to secrete
phospholipids from hepatocytes into the bile canaliculi [13], suggesting the requirement for
an active transporter. The cholesterol content of bile is also much reduced in Mar2”~ mice
despite normal expression of the heterodimeric cholesterol transporter ABCG5/ABCG8
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[13]. These data are consistent with the model that ABCG5/ABCGS flips cholesterol across
the apical membrane, but that desorption from the outer leaflet into the lumen of the bile
cannaliculi requires phospholipid micelles that function as a lipid/sterol sink.

Membrane phospholipids are organized in a structured, asymmetrical fashion. In general, the
outer leaflet of membranes is rich in phosphatidylcholine (PC) and sphingolipids, whilst the
inner leaflet is enriched with the aminophospholipids phosphatidylethanolamine (PE) and
phosphatidylserine (PS). The importance of P-type ATPases, or P-type flippases, was
discovered over 30 years ago, in erythrocyte membranes. The erythrocyte
aminophospholipid flippase, specific for PE and PS, facilitates the movement of these
phospholipids from the outer membrane leaflet to the inner leaflet, in an ATP-dependent
manner [17]. PC and sphingolipids are not translocated, thereby resulting in the asymmetric
distribution of membrane phospholipids. In contrast to P-type flippases, ABC transporters
are thought to be responsible for the opposing movement of phospholipids, and other lipid
substrates, in an “outward” fashion from the inner leaflet to the outer leaflet of the
membrane bilayer. This “flipped” lipid must then desorb, or diffuse to lipid acceptors
(“sinks”) in the extracellular fluid.

Membrane lipid asymmetry is important in numerous cellular functions, including
endocytosis of clathrin coated vesicles or caveolae, signaling via phosphatidylinositides, and
the generation and fusion of secretory/exocytic vesicles with other membranes [17]. Loss of
asymmetry also has functional biological consequences, that include platelet aggregation, or
the recognition by macrophages of PS on the surface of apoptotic cells [18]. Asymmetry is
also critical for membrane biogenesis. Phospholipid synthesis occurs in the endoplasmic
reticulum (ER), where the catalytic sites of synthetic enzymes face the cytosol. In contrast,
sphingolipids are primarily synthesized on the non-cytosolic surface of membranes [17].
Newly synthesized lipids must then be transported from the site of synthesis to the opposing
membrane leaflet, at a rate sufficient to balance the rate of synthesis. Membrane curvature
can be driven by ATP-dependent flippases that actively transport membrane lipids from one
leaflet to the other. For example, endo- and exocytosis require membrane curvature [19].
Although budding vesicles are stabilized by specialized coat proteins (such as COPI,
COPII), local accumulation of phospholipids in one membrane leaflet over the other is likely
required to initiate outward vesicle budding and signaling [19].

Mechanisms of trans-bilayer lipid movement

The actual rate of passive/spontaneous lipid movement (flip-flop) across a membrane
depends on multiple factors including lipid structure (backbone and headgroup), charge, and
environment (local changes in membrane physical properties). Small, uncharged lipids, such
as cholesterol, can flip across pure lipid bilayers in a matter of seconds or minutes [16]. In
contrast, lipids with very polar headgroups move more slowly from one leaflet of the bilayer
to the other, a process that can be regulated by the membrane cholesterol content and
membrane fluidity/stiffness [16].

Energy-independent flippases have been shown to facilitate the rapid, bidirectional “flip-
flop” of phospholipids, required for the balanced growth of mammalian membranes such as
the ER [20]. In addition, the same rapid movement has been demonstrated for phospholipids
and glucosylceramides in the Golgi apparatus [20]. Indeed, as early as the 1980’s, the
presence of proteins within the membrane bilayer was shown to enhance energy-
independent lipid “flip-flop” (Figure 1a) [21], which allows lipids (e.g. phosphatidylcholine)
to rapidly equilibrate between the bilayer leaflets. However, energy-dependent flippases are
responsible for a net movement of specific lipids (e.g. phosphatidylserine) to one leaflet in
particular (Figure 1a, right two panels). In the plasma membranes of eukaryotic cells, the
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spontaneous “flip-flop” of phospholipids is limited due to the high cholesterol content of the
membrane, therefore movement of both cholesterol and phospholipids requires energy, such
as that generated by ABC transporters [16]. Any changes in membrane lipid composition in
either leaflet can affect membrane curvature, vesicle membrane fusion events and protein
activity and signaling pathways [22, 23].

Several mechanisms have been proposed for substrate recognition and transport by ABC
proteins [22, 23]. Figure 1b illustrates four possible mechanisms that have been proposed for
outward export (reviewed in [24]). In the first model (i) the substrate enters the transporter
from the inner leaflet, possibly by diffusing from the cytosol into the inner leaflet, and exits
from the outer leaflet into the exogenous environment, having been moved in a “flip-flop”
manner by the transporter. In the second model (ii), substrates enter the transporter from the
inner leaflet, as previously described, but exit directly to an exogenous acceptor. Acceptors
are required so that aqueous-insoluble lipid substrates may be translocated directly from the
bilayer to the external agueous environment. In contrast, there are numerous examples of
ABC transporters effluxing non-lipid substrates directly to the aqueous environment,
including the multi-drug resistant (MDR) transporters [25]. The third example (iii) is typical
for the transport of ions and solutes. These amphiphilic molecules directly enter the
transporter from the cytosol, and exit into the external environment. In the final model in
Figure 1b (iv), substrates enter the transporter from the outer membrane leaflet, and exit
directly to an exogenous acceptor.

Cellular Location, Location, Location

Twenty of the 48 human ABC transporters are thought to transport lipids, or lipid-related
compounds (Figure 2). These transporters are not exclusively expressed at the plasma
membrane, like the lipid flippases discussed in the previous section. Approximately half of
them are localized to intracellular organelles, such as peroxisomes (ABCD1-3) [26],
lamellar bodies (ABCA12, ABCAZ3) [27, 28], lysosomes (ABCA2, ABCADb) [29, 30] and
endosomes (ABCG1, ABCG4) [31, 32]. Despite contrasting reports about whether ABCG1
and/or ABCG4 are present at the plasma membrane [33-35] it should be noted that loss of
ABCGL results in many specific cell intrinsic defects suggesting maintenance of
intracellular lipid distribution by ABCGL1 is critical (reviewed in [36]). This widespread
intracellular localization of different ABC transporters suggests that the precise distribution
of lipids within membranes is essential not only for membrane structure but also cell and
organelle function. For example, loss of ABCD1 function results in the accumulation of
saturated very long chain fatty acids due to impaired import into the peroxisome where they
would normally undergo B-oxidation [26]. Additionally, functional loss of ABCAS3 or
ABCA12 from lamellar bodies results in impaired import of lipids into this organelle leading
to defects in pulmonary surfactant secretion (ABCA3) or maintenance of skin barrier
function (ABCA12) [37, 38].

Lipid transporters and disease

ABCA1l

Mutations in 24 of the 48 human ABC transporter genes have been linked to human diseases
and 12 of these diseases are associated with abnormal lipid transport and/or homeostasis
(Table 1). Below we discuss these 12 ABC transporters.

ABCAL is ubiquitously expressed, but its physiologic function depends on cell and tissue
type. For example, ABCA1 expressed in hepatocytes, intestinal enterocytes and adipocytes,
is involved in the generation of high density lipoprotein (HDL) particles, whereas
macrophage ABCAL is involved in the reverse cholesterol transport pathway [39]. Patients
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with Tangier disease (Table 1) have plasma HDL levels in the 51 percentile (generally
<5-10 mg/dl) [40]. Heterozygote patients with one functioning copy of ABCA1 exhibit
hypoalphalipoproteinemia, with HDL levels in the 10™ percentile. Over 50 mutations
(including 23 missense and 17 insertions/deletions) have been identified in the ABCAL gene
locus, leading to the low levels of circulating HDL, and severe lipid-laden “foam” cells in
multiple tissues [40]. ABCAL1 transfers membrane phospholipids and cholesterol to lipid-
poor apolipoproteins (Figure 2) [41]. The mechanism involved in this transfer has yet to be
clearly defined. However, one attractive model suggests that ATP hydrolysis causes a
conformational change within ABCA1, allowing lipid-poor Apo-Al to bind ABCAL and
stabilize the transporter at the plasma membrane [41]. There is evidence that ABCA1
subsequently flips PS from the inner leaflet to the outer leaflet of the plasma membrane
(Figure 3). Vedhachalam et al. [41], have proposed that the resulting disruption in
membrane asymmetry creates regions of increased membrane curvature, termed
exovesiculated domains (Figure 3). These domains are more accessible to lipid-poor Apo-Al
particles. Apo-Al “solubilizes” lipids from the membrane, including PS and cholesterol, to
generate nascent HDL particles (Figure 3). The change in Apo-Al structure due to lipid-
loading likely facilitates dissociation of the pre-beta HDL lipoprotein particles from the
membrane. ABCA1, and other ABCA sub-family members, are distinguished from most
other ABC transporters by the presence of large extracellular loops/domains linking the
transmembrane a-helices. Hozoji et al., identified two intramolecular disulfide bonds
between the two extracellular domains of ABCAL, and subsequently demonstrated that these
bonds are essential for Apo-Al binding to ABCA1 and the subsequent formation of HDL
[42].

ABCAZ is highly expressed in the brain with lower levels found in the heart, kidney and
lung. The finding that ABCA2 mRNA levels are induced when macrophages are loaded
with cholesterol [43] and that overexpression of ABCA2 in neuroblastoma cells results in
decreased cellular cholesterol levels [44] suggests that this transporter may efflux
cholesterol from cells. Accumulation of extracellular amyloid B protein (Ap) is the leading
cause of Alzheimer’s disease, and high cellular cholesterol levels have been shown to
promote the release of AP [45]. ABCAZ2 has also been linked to Alzheimer’s disease (Table
1), as overexpression of ABCA2 has been shown to result in increased expression of
amyloid precursor protein (APP), increased cleavage of APP at the secondary () cleavage
site, glutamine 111, and increased levels of C89 carboxy terminal fragment (B-CTF/C89)
levels [46]. In 2005, Mace et a/. identified a mutation within exon 14 of the ABCA2 gene
that was significantly associated with Alzheimer’s disease [47]. Further analysis of this
mutation revealed that carriers of the T allele had an odds ratio of 3.82 for developing early
onset Alzheimer’s disease [47].

ABCAZ3 expression is limited to alveolar type Il pneumocytes in the lung [28].
Immunofluorescence studies indicate that ABCA3 localizes to the limiting membrane of
lamellar bodies [28]. Lamellar bodies in type Il cells are specialized secretory organelles
that are responsible for the concentrated storage and subsequent secretion of pulmonary
surfactant (a complex mixture of cholesterol, phospholipids and proteins). ABCA3
expression peaks before birth, and is hormonally induced at the same time as the surfactant
proteins A-D [28], suggesting developmental regulation. Indeed, genetic analysis of a cohort
of over 100 patients with severe neonatal respiratory distress and symptoms of surfactant
deficiency and in which other hereditary mutations had been excluded, identified deletion
and frameshift mutations in ABCAS3 (Table 1) [28, 37]. Further analysis demonstrated that
loss of ABCAS3 function results in small, empty lamellar bodies consistent with a role for
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ABCA3 in transporting phospholipids into this organelle. Abca3~~ mice have almost a
complete absence of pulmonary surfactant in the alveolar space, accompanied by a profound
loss of mature lamellar bodies, and a reduction in lung phospholipid content [37]. Loss of
functional ABCA3 in humans or mice is fatal, with death occurring shortly after birth [28,
37].

During phototransduction in the eye, when the photoreceptor pigment rhodopsin is
stimulated by light, 11-c/s-retinal is converted to all-#rans-retinal. A by-product of this cycle
is the formation of N-retinyl-phosphatidylethanolamine (NRPE), a phospholipid-all-trans-
retinal adduct. ABCA4 transports NRPE out of the rod outer segment discs into the
cytoplasm, where all-frans-retinal is reduced to vitamin A, which is then transported to the
retinal pigment epithelium (RPE) and converted back to 11-c¢i/s-retinal, thus completing the
photo-cycle [48]. Mutations in ABCA4 are causal for the autosomal recessive inheritance of
Stargardt’s disease (Table 1) [49], and are associated with multiple retinal degenerative
conditions. The result is accumulation of autofluorescent retinal pigment epithelium (RPE)
lipofuscin, a characteristic of Stargardt’s macular degeneration, along with loss of peripheral
vision and delayed dark adaptation [48]. Most recently, nanoparticle delivery of ABCA4 to
Abca4™~ mice was shown to rescue the delayed dark adaptation and lipofuscin
accumulation observed in the knockout mice [50].

Harlequin ichthyosis, the most severe lethal form of congenital ichthyosis, is characterized
by defects in lipid transport, protein phosphatase activity, and differentiation, accompanied
by the development of abnormal lamellar body formation in the epidermis [51]. The
abnormal development of keratinocyte lamellar bodies is reminiscent of ABCA3 (see
above). Neonates suffering from this form of ichthyosis have a severely compromised skin
barrier resulting in predisposition to sepsis, dehydration and thermal dysregulation [51].
Mutations in ABCA12 were identified in patients with harlequin ichthyosis (Table 1), who
had an abnormal and congested stratum corneum filled with vacuole-like immature lamellar
granules. ABCA12 was shown to localize to the lamellar granules in the upper epidermis of
keratinocytes of these patients [27], and to be involved in the transport of glucosylceramides
from keratinocytes. Abnormal glucosylceramide transport impacts skin barrier function [27,
38].

P-glycoprotein family of multidrug resistant transporters

ABCB1/MDR1—MDR1, also known as multidrug resistance protein or P-glycoprotein, is a
glycoprotein whose expression is commonly increased in the membranes of multidrug-
resistant cells from cancer patients undergoing chemotherapeutic treatments (Table 1) [52].
MDR1 is widely expressed, and is found in the intestinal epithelium, hepatocytes, and the
epithelial cells of the blood-brain barrier. MDR1 also transports a diverse array of
compounds including lipids, xenobiotics, drugs (colchicine), chemotherapeutic agents
(doxorubicin, etoposide) and bilirubin. In 2009, Aller et al., resolved the crystal structure of
MDR1 to 3.8 A, revealing an internal cavity of approximately 6,000 A that can presumably
accommodate the diverse range of substrates, and a 30 A separation of the two ATP binding
cassette domains [2]. Distinct drug binding sites, capable of stereo selectivity, have been
further identified within the cavity [2]. AbcbI™~ mice develop a severe, spontaneous
intestinal inflammation with pathology similar to that of human inflammatory bowel
disease, and this inflammation has recently been suggested to be the result of changes in the
caecal microbial environment [53].
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ABCB4/MDR3—ABCBA4, another member of the family of multidrug resistant
transporters, is expressed on the apical membrane of hepatocytes, and functions to transport
phosphatidylcholine (PC) from hepatocytes into the bile canaliculus [13]. Within the bile
canaliculi, PC normally chaperones bile salts to prevent damage to the biliary epithelium
and functions as an acceptor of cholesterol or phytosterols that have been flipped across the
apical membrane by ABCG5/ABCGS (reviewed in [54]). Thus, Abcb4~~ mice are unable to
transport phospholipid into the bile [55]. Heterozygous mice do not display any pathological
alterations but they have a 50% reduction in phospholipid content in the bile, when
compared to wild-type mice [55]. The bile of Abcb4~~ mice is devoid of phospholipids and
cholesterol, but not bile acids, consistent with the hypothesis that phospholipid vesicles in
the bile cannaliculi function as cholesterol acceptors at the outer leaflet of hepatocyte apical
membranes. Progressive familial intrahepatic cholestasis (PFIC), a group of inherited
disorders leading to severe cholestatic liver disease appear in early infancy and result from
defective biliary epithelial transporters. PFIC type 3 (PFIC-3) is caused by mutations in
ABCBA4 that leads to a lack of PC (and cholesterol) in the bile (Table 1). Patients are treated
with bile acids (ursodeoxycholic acid) that act as acceptors for cholesterol, unless liver
dysfunction is significant, in which case organ transplantation is required [13].

ABCC2/MRP3—ABCC2, also known as multidrug resistance-associated protein-3 (MRP3)
or canalicular multi-specific organic anion transporter (cMOAT), is expressed both on the
canalicular membrane of hepatocytes and the apical membrane of proximal renal tubule
endothelial cells, where it is thought to secrete morphine-3-glucoronide (M3G) and M6G
[13]. Dubin-Johnson syndrome, caused by mutations in ABCC2, is associated with a failure
to secrete conjugated bilirubin glucuronides into the bile, resulting in elevated levels of
conjugated bilirubin in the plasma (Table 1) [13].

ABCB11/BSEP

ABCD1/ALD

ABCBL1 or bile salt export pump (BSEP) is the major determinant of bile formation and
bile flow in humans. BSEP is expressed exclusively on the apical membrane of hepatocytes
and is responsible for the transport of bile acid conjugates from the hepatocyte into the bile
canaliculus (reviewed in [54]). Secretion of bile salts is reduced 94% in Bsep™~ mice, yet
total bile salt output was just 30% of wild-type levels [56]. Tetra-hydroxylated bile acid
products were detected in Bsep™~ but not wild-type mice, suggesting alternative
mechanisms that prevent Bsep™~ mice from developing cholestasis [56]. In contrast, tetra-
hydroxylated bile acids are not identified in patients with PFIC type 2, which results from
inactivating mutations in BSEP. Patients with PFIC-2 often develop hepatocellular
carcinoma due to liver damage caused by the accumulation of bile salts within hepatocytes
(Table 1) [13].

ABCD1 functions to transport very long chain fatty acids into peroxisomes [26]. There are
two other members of the ALD family of ABC transporters (ABCD2-3) that also localize to
the limiting membranes of peroxisomes. The last member of the ALD family, ABCD4, has
recently been shown to localize to the lysosomal membrane, and is mutated in an inborn
error of vitamin B(12) metabolism [57]. The ABCD family of transporters are half
transporters, that homo- and heterodimerize with other family members [26].
Adrenoleukodystrophy (ALD) is caused by mutations in ABCD1 and results in the
accumulation of very long chain fatty acids in the cytoplasm (Table 1) [58]. The most
affected organs are the myelin of the central nervous system, the adrenal cortex, and the
Leydig cells in the testes. Over 600 mutations in ABCD1 have been reported, and most are
familial [58]. Adrenal dysfunction in ALD can be treated with steroids, but there is no
specific treatment for ALD. Hematopoietic cells offer one potential treatment, and in at least
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two X-linked ALD patients, hematopoietic stem cell (HSC) delivery of wild-type ABCD1
was successful in attenuating cerebral demyelination [59]. More studies are required to
determine whether this type of therapy will be useful for other patients with cerebral forms
of X-ALD.

ABCG5/ABCGS8

This obligate heterodimer pairing of two ABC transporters represents the major route for
cholesterol and plant sterol secretion into bile, and from ileal enterocytes back into the
intestinal lumen (reviewed in [60]). ABCG5 and ABCGS8, two adjacent yet oppositely
orientated genes encoded by a locus on human chromosome 2, are expressed in the liver,
and small intestine, where they function to excrete sterols into bile and limit intestinal
absorption of sterols. Mutations that inactivate either half transporter result in sitosterolemia
(Table 1), a disease characterized by the accumulation of plant sterols and cholesterol in
numerous tissues and the blood, eventually leading to premature development of
atherosclerosis [61]. Disruption of both transporters in mice (Abcg5/8~~ mice) results in a
3-fold increase in the fractional absorption of plant sterols from the intestine, and a
concomitant 30% increase in plasma sitosterol, accompanied by reduced biliary cholesterol
content [62]. ABCG5/ABCGS selectively transport cholesterol, as studies with Abcg5/8~~
mice demonstrated that cholesterol levels, but not phospholipid or bile acid levels, were
significantly reduced in the bile of these mice [62]. Sitosterolemia shares many
characteristics with the well-characterized disease familial hypercholesterolemia (FH),
including the development of premature coronary atherosclerosis [40]. However, in contrast
to FH patients, individuals with sitosterolemia typically have normal to moderately elevated
plasma cholesterol levels, but abnormally high levels of plant sterols (sitosterol,
campesterol, stigmasterol). It is possible that modulating the activity of ABCG5/ABCG8
might be used as a therapeutic treatment for hypercholesterolemias. Indeed, overexpression
of ABCG5/ABCGS in hypercholesterolemic £a/r”~ mice caused a significant reduction in
plasma cholesterol and atherosclerotic lesions compared to control £a/r”~ mice [63].
Whether targeting these transporters will be translated to human patients requires further
study.

Concluding remarks

Membrane distribution of intracellular lipids is essential for cellular function and signaling.
ABC transporters, such as ABCAL, ABCB4, ABCB11, ABCD1, ABCG1, and ABCG5/8
play critical roles in maintaining this organization. Indeed, mutations in many of these ABC
lipid transporters results in human diseases, such as sitosterolemia, Tangier disease, and
familial intrahepatic cholestasis. The ABC transporter superfamily is a well-characterized
protein family, yet the substrates and roles of many of these proteins in human disease are
unknown. Substrate specificity has mostly been inferred from the identification of
metabolites/compounds that accumulate in humans with specific diseases or knockout
mouse models. In the case of ABC proteins that transport drugs or small molecules, direct
substrate transport can be demonstrated by the well-established /n vitro vesicle transport
assay [64]. However, for ABC lipid transporters, those transport assays are inherently more
difficult due to the hydrophobic nature of the lipid substrate. Substrate fransfer, rather than
active transport, has been elegantly demonstrated for ABCG5/ABCGS8 and cholesterol [65],
where Hobbs, Cohen and colleagues utilized radiolabeled cholesterol in donor liposomes,
and recipient proteoliposomes reconstituted with pure ABCG5/G8 protein. Nonetheless
identification of the molecular mechanism of lipid transport/movement by ABC transporters
will require the development of novel assays to overcome the problems associated with the
insolubility of the substrates.
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Our understanding of the role of ABC transporters in human disease is still cursory. The
main challenge remaining, with the exception of substrates, is the identification of clinical
modulators/inhibitors. The expansion of genome-wide association studies will greatly aid
the discovery of novel sequence mutations and how these variations predispose patients to
disease. Finally, there is now the probability that individual ABC transporters have multiple
functions depending on their cellular context, as has been demonstrated for ABCGL.
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Glossary

ATP binding cassette
(ABC) transporter

Adrenoleukodystrophy
(ALD)

Bile salt export pump
(BSEP)

Canalicular multispecific
organic anion transporter
(cMOAT)

Dubin-Johnson syndrome

Harlequin-type ichthyosis

L ow density lipoprotein
receptor (LDLR)

Multidrug resistance
protein (M DR/MRP)
Progr essive familial
intrahepatic cholestasis
(PFIC)

P-type ATPase

Membrane bound proteins that utilize the energy derived
from ATP hydrolysis to drive substrate transport across a
membrane bilayer.

a disorder of peroxisomal fatty acid p-oxidation that results
in the accumulation of very long chain fatty acids within
cells and tissues.

a member of the ABC transporter superfamily that
transports tauro- and glycine-conjugated bile acids across
the canalicular membrane from the hepatocyte into the bile
canaliculus.

also expressed at the canalicular membrane. This ABC
transporter functions to export bilirubin from the
hepatocyte into the bile.

a very rare autosomal recessive disorder associated with a
defect in the ability of hepatocytes to secrete conjugated
bilirubin into the bile. The mild jaundice is usually
asymptomatic but may be diagnosed in early infancy.

skin disease associated with a mutation in ABCA12, and
characterized by a thickening of the keratin layer in fetal
human skin. The skin contains massive, diamond-shaped
scales, which are caused by severe hyperkeratosis, limiting
movement.

a cell surface receptor that is involved in the uptake of
cholesterol-containing plasma lipoproteins via receptor-
mediated endocytosis.

two sub-families of ABC transporters that are involved in
resistance to drugs.

diseases caused by defects in biliary epithelial transporters,
such as ATP8B1 (a Type | P-ATPase), ABCB4, and
ABCBL11, resulting in the toxic build up of bile acids in the
liver. There are three known types of PFIC: PFIC1, PFIC2,
and PFIC3.

a group of evolutionarily conserved a-helical bundle
primary transporters that are called P-type ATPases
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because they catalyze auto-/self-phosphorylation of a key
aspartate residue. There are multiple groups of P-type
ATPases, with Type IV ATPases being involved in the
transport of phospholipids.

Sitosterolemia rare autosomal recessive plant sterol storage disease

characterized by hyperabsorption and decreased biliary
excretion of dietary sterols. It leads to
hypercholesterolemia, tendon and tuberous xanthomas, and
a strong propensity toward premature coronary
atherosclerosis.

Solute carrier (SLC) a group of over 300 transmembrane proteins organized into
transporters 51 families. Most members of the SLC group are located in

the cell membrane. SLC transporters function as either
monomers or obligate homo- or hetero-oligomers and
transport both charged and uncharged organic molecules
and inorganic ions.

Stargardt disease also known as fundus flavimaculatus, is the most common

Tan

form of inherited juvenile macular degeneration. It causes
progressive vision loss usually starting between the ages of
six and twelve years old. It is characterized by a reduction
of central vision with a preservation of peripheral vision.

gier disease also known as familial alpha-lipoprotein deficiency or
hypoalphalipoproteinemia, is a rare autosomal recessive
disorder resulting from defects in the ABCAL gene. Itis
characterized by a severe reduction in the amount of HDL
in the blood.
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Figure 1. Mechanisms of trans-bilayer lipid transport/movement

The models presented are based on mechanisms reviewed in [24] and [66]. (a) Lipids can
move across the membrane bilayer by multiple mechanisms. Four mechanisms are proposed
here: (i) membrane lipids passively diffuse or “flip-flop” from one leaflet of the bilayer to
another, (ii) bi-directional movement of lipids from one membrane leaflet to another is
enhanced by proteins present in the membrane bilayer, (iii) P-type ATPases mediate the
movement of specific lipids (phospholipids) from the outer leaflet of the membrane bilayer,
and (iv) ABC transporters/flippases mediate the “outward” movement of specific lipids
(phospholipids/cholesterol) from the inner leaflet to the outer leaflet of the membrane
bilayer. (b) Mechanisms of substrate recognition and transport by ABC transport proteins:
(i) substrates enter the transporter from the inner leaflet and are flipped to the outer leaflet
where they can exit the membrane bilayer, (ii) as in (i) but the substrate exits the transporter
directly to an exogenous acceptor, (iii) solute/ions/amphiphiles move directly into the
bilayer, through the transporter protein and out to the external environment, and (iv)
substrates enter the transporter from the outer leaflet and exits to an acceptor molecule.
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Figure 2. Localization of ABC Lipid Transporters

The cellular membrane localization of 20 out of the 48 human ABC transporters is depicted
in the cartoon. ABCA1, ABCB1 (MDR1), ABCB4 (MDR2/3), ABCB11 (BSEP), ABCG5/
ABCGS8, ABCC1 (MRP1), ABCC2 (MRP2), and ABCC3 (MRP3) localize to the plasma
membrane. Whereas, ABCA2, ABCA3, ABCA4, ABCA5, ABCA12, ABCD1-3, ABCG1,
and ABCG4 localize to specific intracellular organelles. This cartoon does not exclude the
possibility that ABC transporters may move between different membrane compartments
under certain conditions. For example, in the absence of extracellular Apo-Al, ABCA1 can
be sequestered on intracellular membranes or be degraded (reviewed in [67]), whilst
ABCGL is present on different classes of endosomal vesicles [31].
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Figure 3. ABCA1l-mediated phospholipid and cholesterol transport

The model illustrated is based on studies by Vedhachalam et a/. [41]. (a) ABCA1 mediates
the translocation of phosphatidylserine from the inner leaflet to the outer leaflet of the
plasma membrane, in an ATP-dependent manner. (b) The increased concentration of
phosphatidylserine in the outer leaflet of the membrane causes membrane phospholipid
compression. (c) To relieve the membrane strain, these compressed regions bulge out and
form exovesiculated domains. Apo-Al binds to ABCAL and stabilizes ABCA1 within the
plasma membrane. Apo-Al also binds to the exovesiculated membrane lipid domains. (d)
Apo-Al “solubilizes” the phospholipids and cholesterol from the exovesiculated membrane
domains, and forms nascent Apo-Al discoidal particles, where the hydrophobic face of the
Apo-Al molecule interacts with the phospholipids and cholesterol forming a cage around the
hydrophobic lipids. Once the membrane strain has been relieved the cycle can begin again.
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