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Abstract This review summarizes the characteristics of the
ATP-binding cassette, subfamily G (ABCG family), which
has five members: ABCG1, ABCG2, ABCG4, ABCG5,
and ABCG8. The members consist of a single ABC
cassette in the amino terminal followed by six putative
transmembrane domains, and to become functionally
active, they form homo- or obligate heterodimers. Except
for ABCG2, the members of the ABCG family play an
important role in efflux transport of cholesterol. Mutations
causing a loss of function of ABCG5 or ABCG8 are
associated with sitosterolemia characterized by accumula-
tion of phyto- and shellfish sterols. Unlike other members,
ABCG2 is not involved in cholesterol efflux, but it exhibits
broad substrate specificity to xenobiotic compounds.
ABCG2 confers cancer cells resistance to anticancer drugs
and plays a critical role in the pharmacokinetics of drugs in
the clearance organs and tissue barriers. ABCG2 is also
associated with a subpopulation phenotype of stem cells.
Genetic polymorphisms of ABCG2 have been suggested to
account for the interindividual differences in the pharma-
cokinetics of drugs.
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Introduction

The ATP-binding cassette subfamily G (ABCG) consists of
five members: ABCG1, ABCG2, ABCG4, ABCG5, and
ABCG8 (Table 1). Among the members, ABCG1 and
ABCG4 exhibit high identity (70%) at the amino acid level,
whereas others exhibit low identity (at most, 30%) (Fig. 1).
They are mammalian homologs of the Drosophila gene
White, which forms obligate heterodimers with Scarlet or
Brown and plays an essential role in the cellular uptake of
precursors of the eye pigments [18, 71, 73]. Consistent with
the Drosophila homolog, the members of the ABCG family
consist of a single ABC cassette in the amino terminal
followed by six putative transmembrane domains, and thus,
they are referred to as half-sized ABC transporters. To
become functionally active, they form a homodimer
(ABCG1, ABCG2, and ABCG4) or an obligate hetero-
dimer (ABCG5 and ABCG8). The members of ABCG
family, except ABCG2, play significant role in the efflux
transport of cholesterol (Fig. 2). They facilitate the efflux of
excess cholesterol to high-density lipoprotein (HDL), a key
player in the reverse cholesterol transport from macrophage
to the liver (ABCG1 and ABCG4), and mediate the biliary
excretion of cholesterol (ABCG5 and ABCG8). In addition,
ABCG5 and ABCG8 also mediate the biliary excretion of
phyto- and shellfish sterols, and intestinal efflux to prevent
their accumulation. Unlike other members, ABCG2 accepts
a variety of structurally unrelated compounds as substrate
and plays important roles in the cancer chemotherapy and
drug disposition in the clearance organs (liver and kidney),
site of absorption (intestine), and tissue barriers (blood–
brain barrier and placenta) (Fig. 2).

The present manuscript concentrates on the molecular
characteristics of members of the ABCG family and
presents the latest findings. Other review articles are
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available elsewhere on ABCG1 [67], ABCG2 [3, 16, 39,
74], and ABCG5/ABCG8 [12, 23, 83].

ABCG1 (ABC8)

ABCG1 was cloned from the mouse macrophage cell line
P388D1 [65] and from the human retina and fetal brain and
the Jurkat T-cell line, which exhibits 34% identity to
Drosophila White at the amino acid level [13, 14]. The
cDNAs cloned by Chen et al. [13] and Croop et al. [14]

encode 674 and 638 amino acid proteins, respectively, and
the cDNA cloned by Croop et al. [14] lacks 36 amino acids
at the amino terminal. Subsequent analyses have shown that
other variants are produced by alternative splicing (see
regulation and genomic structure of ABCG1) [32, 47, 58].
Northern blot analysis showed abundant expression of
ABCG1 in the spleen, brain, and lung [14], and dot blot
analysis revealed ubiquitous expression, with the highest
expression in the adrenal glands, lung, heart, and spleen
[35]. The calculated molecular mass of ABCG1 encoded by
cDNA cloned by Croop et al. [14] is ∼70 kDa, and
transfection of the cDNA yielded a 60-kDa protein in baby
hamster kidney (BHK) cells, and that cloned by Chen et al.
[13] yielded protein with a greater molecular mass [77].
Two different apparent molecular masses of ABCG1 have
been reported in human macrophages: 60 kDa [77] and
110 kDa [35].

Light microscopic immunocytochemical analysis
showed that the ABCG1-specific signals were in the
intracellular compartment of the small rounded-off macro-
phages treated with acetylated low-density lipoprotein
(LDL) for 2 days, and faint signals were detected in the
perinuclear compartment of the spread-out macrophages
[35]. Flow cytometric analysis using an antihuman ABCG1
antiserum, which recognizes the extracellular loop between
the putative transmembrane domains 5 and 6, demonstrated
the plasma membrane expression of ABCG1 in macro-
phages [35], and biotinylation of cell surface proteins
yielded biotinylated ABCG1 in ABCG1 exogenously
expressed in BHK cells, supporting the plasma membrane
expression of ABCG1 [77]. Treatment with a non-cell-
membrane-permeable cross-linking reagent, disuccinimidyl
suberate, gave bands with an apparent molecular weight of
dimeric or trimeric ABCG1 in ABCG1 exogenously
expressed BHK cells, suggesting that ABCG1 forms a
homodimer or trimer to function as an efflux transporter in
the plasma membrane [77].

Table 1 Members of ABCG family

Gene
name

Aliases Substrates Inhibitors Tissue distribution and
cellular/subcellular
expression

Link to
disease
(OMIM ID)

Gene
locus

OMIM

ABCG1 ABC8 Cholesterol Ubiquitous high: adrenal
gland, lung, heart, spleen

21q22.2–
q22.3

603076

ABCG2 BCRP,
MXR,
ABCP

Very broad Ko143, GF120918,
fumitremorgin C, novobiocin,
imatinib

Ubiquitous high: placenta,
plasma membrane (apical)

4q22 603756

ABCG4 Cholesterol Brain, macrophage plasma
membrane

11q23.3 607784

ABCG5 Sterolin-1 Cholesterol Liver, intestine Sitosterolemia 2p21 605459
ABCG8 Sterolin-2 Phytosterols,

shellfish
sterols

Plasma membrane (apical) (OMIM:
210250)

2p21 605460

Drosophila
White

hABCG1
mAbcg1
rAbcg1

hABCG4
mAbcg4

hABCG5

mAbcg5
rAbcg5

hABCG8

rAbcg8
mAbcg8

mAbcg3

rAbcg2
mAbcg2

pABCG2
hABCG2

Fig. 1 Phylogenetic tree of ABG family and Drosophila White.
ClustalW was used to align full-length ABCG1, ABCG2, Abcg3,
ABCG4, ABCG5, ABCG8, and Drosophila White amino acid
sequences, which were subjected to phylogenetic analysis using
ClustalW. Accession numbers: ABCG1 (human, P45844; rat,
NP_445954; mouse, NP_033723), ABCG2 (human, AAP44087;
porcine, NP_999175; rat, NP_852046; mouse, NP_036050), Abcg3
(mouse, NP_084515), ABCG4 (human, NP_071452; mouse,
NP_620405), ABCG5 (human, NP_071881; rat, NM_053754; mouse,
NM_031884), ABCG8 (human, NM_022437; rat, NM_130414;
mouse, NM_026180), and Drosophila White (AAS09823)
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ABCG1 plays a significant role in the efflux transport of
excess cholesterol to HDL in macrophages. Knockdown of
the ABCG1 by RNA interference caused a significant
reduction in the cholesterol efflux to the HDL from
macrophages under the condition that the ABCG1 expres-
sion was induced by treatment with acetylated LDL or a
synthetic agonist of liver X receptor (LXR/ NR1H3),
T0901317 [35, 82]. The efflux transport of cholesterol to
HDL by ABCG1 has also been characterized in cDNA
transfectants [77, 82]. Transfection of ABCG1 cDNA to a
human embryo kidney cell line (HEK293) increased
cholesterol efflux to both smaller (HDL-3, density 1.125–
1.210 g/ml) and larger (HDL-2, density 1.063–1.125 g/ml)
subclasses and, to a lesser degree, to LDL, but not to apoA-I,
a major apolipoprotein of HDL, to which ABCA1 mediates
the efflux of cellular cholesterol [82]. In turn, ABCA1
makes only a limited contribution to the cholesterol efflux
to HDL in macrophage since the efflux was unchanged in
Abca1 knockout mice [82]. Exogenous expression of
ABCG1 induces a redistribution of cholesterol, increasing
the cell-surface pool of cholesterol for removal by HDL,
and the fraction of esterified cholesterol in BHK cells,
presumably increasing the transport of cholesterol to the
endoplasmic reticulum, where it is esterified by acyl-CoA:
cholesterol acyltransferase [77].

Abcg1 knockout mice have been developed by Kennedy
et al. [33], and these exhibit massive accumulation of

cholesterol and neutral lipids in the macrophages and liver
when fed a high-fat and high-cholesterol diet, whereas there
was no difference when the animals were fed a normal diet
[33]. The efflux of cholesterol to HDL was apparently not
significantly different in the macrophages from wild-type
and Abcg1 knockout mice; however, when the macro-
phages were treated with LXR ligand (T0901317), the
efflux transport of cholesterol to HDL was increased in
wild-type mice, but unchanged in Abcg1 knockout mice
supporting the role of Abcg1 in the efflux of excess
cholesterol [33].

Regulation and genomic structure of ABCG1

ABCG1 expression is regulated by the cellular cholesterol
content. It is increased following treatment with acetylated
LDL (cholesterol-loading condition), and downregulated
following treatment with HDL-3 at both mRNA and protein
levels in monocyte-derived macrophages [35]. Nuclear
receptors, such as the LXR and peroxisome proliferative-
activated receptor (PPAR), have been suggested to regulate
the expression of ABCG1. Endogenous LXR agonists, such
as 22(S)-hydroxycholesterol and 22(R)-hydroxycholesterol,
induce ABCG1 expression in THP1 macrophages, and this
increase is abrogated in LXRα/β double knockout animals

small intestine

BBB

Liver

Blood
ABCG2

phytosterols
shellfish sterols
cholesterol

xenobiotics

ABCG2

phytosterols
shellfish sterols

ABCG5/8

ABCA1

ABCG2

hematopietic
stem cells

Kidney
(mouse)

ABCG2
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Fig. 2 Schematic diagram
of expression site of the members
of ABCG family. ABCG1
and ABCG4 can transfer choles-
terol to mature HDL, but not
to apo-AI in macrophage.
ABCG5 and ABCG8, forming
obligatory heterodimer, mediate
the biliary and intestinal efflux
of cholesterol, and phyto-
and shellfish sterols, and impair-
ment of ABCG5/8 activity
is associated with sitosterolemia.
ABCG2 mediates efflux of
xenobiotics, but not cholesterol,
in the intestine, liver
(biliary excretion), and rodent
kidney (tubular secretion). In
the tissue barriers, such as blood–
brain barrier and placenta,
ABCG2 acts a barrier to
prevent the distribution of xeno-
biotics to the brain and
fetus. ABCG2 is associated with
side population phenotype
of hematopoietic stem cells, char-
acterized by low accumulation
of a dye Hoechst 33342. BBB
blood–brain barrier, HDL high-
density lipoprotein, LCAT leci-
thin:cholesterol acyltransferase
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[41]. In addition, PPARγ positively regulates ABCG1 in
macrophages in an LXR-independent manner [2, 45].

The genomic organization of human ABCG1 was
initially reported to consist of 15 exons [42]. The transcript
reported by Chen et al. [13] starts from Exon 1, and that by
Croop et al. [14] starts from Exon 2. However, subsequent
analysis by 5′-RACE using RNA from THP1 cells treated
with LXRα and RXRα ligands suggested the possibility of
alternative splicing and demonstrated an additional one and
four exons downstream and upstream of the initially
identified Exon 1, respectively [47]. Lorkowski et al.
identified six variants with different amino acids at the
amino terminal, including one reported by Chen et al. [13].
Furthermore, Kennedy et al. found an additional three
exons between Exon 7 and 8, and the ABCG1 gene consists
of 23 exons [32]. Alternative splicing produces seven
ABCG1 variants: (i) Exon 1, 2, and 7, (ii) Exon 1, 2, 3, and
7, (iii) Exon 4 and 7, (iv) Exon 5 and 7, (v) Exon 6 and 7,
and (vi) Exon 8–10, with common exons (Exon 11–23) in
THP1 cells treated by 20(S)-hydroxycholesterol to induce
ABCG1 expression [32, 47]. Northern blot analysis
confirmed that the variant consisting of Exon 8–23 and
the variants including Exon 7 were induced in the cells,
although the abundance of each variant remains unknown
[32]. Since the ABCG1 cloned by Chen et al. [13] and that
cloned by Croop et al. [14] have functional activity [77],
variations at the amino terminal may not be essential for the
transport activity.

Putative promoters have been hypothesized upstream of
Exon 1, 4, 5, 6, and 8 [32, 42, 47]. Among them, the
promoter located upstream of Exon 1, 4, 5, and 6 is
TATAless [42, 47], whereas that upstream of Exon
8 contains a TATA box [32]. Two functional LXR
responsive elements have been identified only upstream of
Exon 8 [32]. A putative PPAR/RXR binding motif lies
upstream of Exon 1, and a putative sterol response element
and two RXR binding motifs have been suggested upstream
of Exon 5 [47].

ABCG2 (BCRP/ABCP/MXR)

ABCG2 was initially identified as an overexpressed protein
in MCF-7/AdrVp, a cell line obtained by continuous
exposure to doxorubicin and verapamil, and does not
express P-glycoprotein (P-gp) and multidrug resistance
associated protein [17]. In addition to tumor cells, ABCG2
is highly expressed in the placenta, followed by the brain,
liver, prostate, small intestine, and colon at the mRNA level
[6, 17]. Immunohistochemical staining showed apical
localization in normal tissues, such as the colon epithelium,
placenta syncytiotrophoblast, small intestine epithelium,

liver (bile canaliculi), mammary gland (lobules and lactif-
erous ducts) and vein endothelium and capillaries [50], and
mouse renal tubules [29].

ABCG2 forms a homodimer linked by a disulfide bond
in the plasma membrane since ABCG2 migrates as a dimer
without reducing agents on sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) [31, 54],
and two differentially tagged forms of ABCG2 underwent
co-immunoprecipitation [31]. ABCG2 has three preserved
cysteine residues (592, 603, and 608) in the large
extracellular loop between putative transmembrane domain
5 and 6. Among these residues, cysteine 603 is involved in
the formation of an intermolecular disulfide bond, whereas
the others have been suggested to form an intramolecular
disulfide bond [24]. Dimerization is not essential for
membrane localization and transport activity since treat-
ment with mercaptoethanol, a reducing agent, did not affect
the ATP-dependent transport of methotrexate by ABCG2
[54]. Furthermore, substitution of alanine for cysteine 603
did not affect membrane localization and resistance to
mitoxantrone, although it abolished dimerization [24]. It
should be noted that, recently, higher forms of oligomers
(tetramer and dodecamer) of ABCG2 have been suggested,
in which a homodimer linked by a disulfide bond is the
minimum unit [84].

Unlike ABCG1 and ABCG4, ABCG2 does not mediate
the efflux of cholesterol to HDL [82], but it plays
physiologically and pharmacologically important roles.
ABCG2 confers resistance to anticancer drugs, such as
mitoxantrone, doxorubicin, and daunorubicin, by decreas-
ing their cellular accumulation, and thus, ABCG2 has been
referred to as breast cancer resistant protein (BCRP) [17].
Subsequent analyses have shown that overexpression of
ABCG2 results in the acquisition of resistance to anticancer
drugs, such as camptothecin derivatives (topotecan [4], SN-
38 [49], 9-aminocamptothecin [49]), antifolates (methotrex-
ate and its polyglutamate form, GW1843 and tomudex) [68,
79, 78], flavopiridol [64], and bisantrene [46]. Attention
should be paid to the acquired mutations of ABCG2 in
some tumor cell lines (R482G and R482T), which have
been shown to alter the spectrum of resistance to anticancer
drugs. Cells expressing these mutants exhibit higher
resistance to anthracylcines [26], but weak or minimal
resistance to methotrexate [80]. The mutants acquire the
ability to carry out efflux transport of anthracylcines and
rhodamine 123 [26], but lose the ability to transport
methotrexate [54]. In addition to anticancer drugs, cumu-
lative studies have demonstrated the broad substrate
specificity of ABCG2, and it accepts a variety of drugs
[10, 25, 30, 52, 51, 86], endogenous compounds, sulfate
conjugates [1, 56, 72], and carcinogens [75, 76] as
substrate. For investigating functional activity of ABCG2,
potent inhibitors of BCRP have been reported, which
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include fumitremorgin C [61] and its derivative Ko143 [5],
GF120918 [4], novobiocin [69], and imatinib (Gleevec)
[59]. It should be noted that GF120918 is also a potent
inhibitor of P-gp, whereas Ko143 shows almost 300-fold
more inhibition potency to BCRP than P-gp [5].

The functional importance of ABCG2 in the normal
tissues has been investigated using Abcg2 knockout mice.
Jonker et al. [29] and Zhou et al. [91] have developed
Abcg2 knockout mice independently. Abcg2 knockout
mice exhibit a higher concentration of unconjugated
bilirubin in plasma, and a heme precursor, protoporphyrin
IX, accumulates in the plasma and erythrocytes [29].
Furthermore, feeding Abcg2 knockout mice with a diet
containing alfalfa (Medicago sativa) leaf concentrate
resulted in lethal phototoxic lesions on light-exposed skin
of these animals due to accumulation of pheophorbide a
(a phototoxic porphyrin catabolite of chlorophyll) [29].
Abcg2 knockout mice are 100-fold more sensitive to
pheophorbide-a-induced phototoxicity than wild-type
mice, and accumulation of pheophorbide a in bone-
marrow-derived cells is likely associated with photosen-
sitivity since bone-marrow transplantation from wild-type
mice to the knockout mice results in the attenuation of
the toxicity.

For drugs, it has also been shown that BCRP limits the
oral absorption of topotecan [29], salfasalzine [86], and
ciprofloxacin [52]. Abcg2 has been shown to account for
the efflux of intracellularly formed glucuronide and sulfate
conjugates (E3040 glucuronide, E3040 sulfate, and 4-
methylumbelliferone sulfate) [1]; the active form of the
ester-type prodrug of ME3277 [38] in the small intestine;
the biliary excretion of drugs such as nitrofurantoin [51],
methotrexate [10], pitavastatin [25], and salfasalazine [86];
and the urinary excretion of methotrexate [10] and E3040
sulfate [56]. As far as the blood–brain barrier is concerned,
the importance of BCRP remains controversial. In contrast
to in vitro data supporting the functional importance of
ABCG2 in the blood–brain barrier [88], imatinib is the only
compound exhibiting an increased brain concentration in
Abcg2 knockout mice [11]. No change has been reported
for other BCRP substrates, such as mitoxantrone [44],
dehydroepiandrosterone sulfate (DHEAS) [44], and PhIP
[75]. In the placenta, ABCG2 prevents the fetal accumula-
tion of topotecan, and the ratio of topotecan fetal to
maternal plasma concentrations is increased in Abcg2
knockout mice [29]. ABCG2 expression is highly induced
in the apical membrane of alveolar epithelial cells during
late pregnancy and especially during lactation [30], and is
involved in the secretion of drugs into milk. The milk-to-
plasma concentration ratio of topotecan [30], PhIP [30],
acyclovir [30], nitrofurantoin [51], and ciprofloxacin [52]
was markedly reduced in Abcg2 knockout mice, but not
that of DHEAS and folate [30].

ABCG2 is also associated with the side population
phenotype, a phenotype of stem cells displaying low
Hoechst 33342 accumulation [66, 90]. The low cellular
accumulation of Hoechst 33342 is ascribed to the
ABCG2-mediated efflux since the number of cells
displaying such phenotype was reduced in Abcg2 knock-
out mice. Knockout of Abcg2 does not affect differenti-
ation of bone marrow cells [29], whereas overexpression
of ABCG2 in bone marrow cells has been suggested to
inhibit hematopoiesis [90].

Regulation and genomic organization of ABCG2

The ABCG2 gene consists of 16 exons, and a putative
TATAless promoter has been suggested upstream of Exon 1
[8], where the binding motifs of estrogen receptor (ERα)
and hypoxia-inducible factor 1 (HIF1) are located and
where the binding of ERα and HIF1 was confirmed by
electrophoretic mobility shift analysis [20, 40]. Although
the responsive element has not been identified, aryl
hydrocarbon receptor (AhR) and PPAR have been sug-
gested to upregulate BCRP expression [19, 57].

The effect of estradiol on the ABCG2 expression appears
cell-dependent and controversial. ABCG2 mRNA was
upregulated by estradiol in ERα-positive T47D:A18 breast
cancer cells; however, estrogens (estradiol and estrone) and
diethylstilbestrol (ER agonist) reduced the protein expres-
sion of ABCG2 in an ERα-dependent manner without
affecting the mRNA expression in MCF-7 [28]. Consistent
with the reduced ABCG2 expression, the cellular accumu-
lation of topotecan was increased by the treatment of
estrogen in MCF7 cells [28]. It was suggested that
ERα inhibits the translation of ABCG2 in MCF7 cells
[28]. In human placental BeWo cells, estradiol reduced both
BCRP mRNA and protein, which were restored by an ER
antagonist [81]. In contrast to estrogens, progesterone
upregulated both BCRP mRNA and protein via a proges-
terone receptor independent pathway in BeWo cells, and
estradiol enhanced the effect of progesterone in an ER-
dependent manner [81].

Hypoxia also induces ABCG2 expression through the
binding of HIF1 to the hypoxia response element of the
ABCG2 gene to prevent cellular accumulation of heme or
porphyrin accumulation in progenitor cells [40]. Treatment
of Caco2 cells with AhR agonists resulted in a significant
increase in BCRP expression which was inhibited by AhR
antagonist PD98059 [19]. Repeated administration of
clofibrate, a PPARα agonist, for 10 days significantly
increased hepatic expression of BCRP in mice. PPARα
mediates such induction since the induction by clofibrate
was not observed in PPARα knockout mice.
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Polymorphisms of ABCG2

Nonsynonymous single nucleotide polymorphisms have
been reported. Among them, C421A, a frequent polymor-
phism in the Japanese population, substituting Lys for Gln,
has been associated with reduced protein expression of
ABCG2 compared with wild-type ABCG2 without affect-
ing the mRNA expression in murine fibroblast PA317 cells,
and the cell line expressing C421A ABCG2 exhibits
reduced cellular accumulation of topotecan, resulting in
weak drug resistance to SN-38, mitoxantrone, and top-
otecan [27]. Similar results were obtained in HEK293 cells
infected with adenovirus harboring ABCG2 cDNA, and
introduction of the polymorphism caused reduced ATP-
dependent uptake of ABCG2 substrates by membrane
vesicles in proportion to the reduced protein expression
[37]. In contrast, the protein expression of C421A ABCG2
was unchanged in LLC-PK1, although increased sensitivity
to anticancer drugs and cellular accumulation of these drugs
were observed in comparison with wild-type ABCG2 [55].
In this study, the ATPase activity of C421A ABCG2 was
significantly reduced compared with that of wild-type
ABCG2. In normal tissue, C421A is associated with
reduced ABCG2 protein expression in the placenta [36],
but not in the small intestine [87]. Controversial results
were obtained in the case of another frequent polymor-
phism, G34A, substituting Met for Val. Introduction of this
polymorphism resulted in poor apical membrane distribu-
tion in LLC-PK1 cells, leading to greater cellular accumu-
lation compared with cells expressing wild-type ABCG2
[55], whereas it had no effect when expressed in the murine
cell line, Sf9, and HEK293 cells [27, 37, 55].

Clinical studies focused on C421A have been carried
out. Heterozygotes exhibited significantly higher plasma
concentrations of diflomotecan after intravenous adminis-
tration, whereas the plasma concentration–time profiles
were similar after oral administration [70]. Such a discrep-
ancy cannot be explained from a pharmacokinetic view-
point, and the effect of such a polymorphism on the plasma
concentration should be theoretically clearer after oral
administration. In another report, the area under the curve
of the plasma concentration of rosuvastatin following a
single oral administration was greater in the hetero- and
homozygotes [89], but heterozygotes did not show any
difference in the pharmacokinetic profile of irinotecan and
its active metabolite SN-38 [15].

ABCG3

Abcg3 was identified by a computer search of the mouse
EST databases [53]. Abcg3 consists of 650 amino acids,
and reverse transcriptase polymerase chain reaction (RT-

PCR) analysis showed that it was abundantly expressed in
the thymus and spleen. The functions of Abcg3 remain
unknown. However, since Abcg3 contains unusual residues
in the Walker A motif and signature (C) domains, it is
questionable whether Abcg3 exhibits ATPase activity and
acts as an efflux pump [53].

ABCG4

ABCG4 was identified as the second most strongly induced
member of the ABCG family in human monocyte-derived
macrophages treated with 9-cis-retinoic acid and 22(R)-
hydroxycholesterol, agonists of RXR and LXR, respective-
ly [21]. Northern blot analysis revealed that ABCG4 is
highly expressed in the brain, where ABCG4 is widely
distributed other than the spinal chord, followed by the
heart, and a longer transcript was detected in the thymus,
whereas the transcript of its mouse homolog is highly
expressed in the brain and spleen [7]. The ABCG4 gene
consists of at least 14 exons, although Engel et al.
suggested an additional exon upstream of the current Exon
1 since there are no transcription initiation elements
upstream of Exon 1 [21].

Wang et al. showed that ABCG4 also mediates the efflux
of cellular cholesterol to HDL [82]. As in the case of
ABCG1, transfection of ABCG4 cDNA to HEK293
increased the cholesterol efflux to both smaller (HDL-3,
density 1.125–1.210 g/ml) and larger (HDL-2, density
1.063–1.125 g/ml) subclasses and, to a lesser degree, to
LDL, but not to apoA-I. The fact that the efflux of
cholesterol to HDL was almost unchanged in macrophage
of Abcg1 knockout mice following treatment of LXR and
RXR agonists [33] may suggest its minor contribution, at
least in rodent.

ABCG5/ABCG8

Human ABCG5 was initially identified as the human
counterpart of the rodent isoform that was induced in the
liver and small intestine by treatment with an agonist of
LXR, T0901317 [9]. Subsequently, human ABCG8 was
cloned as a homolog, the gene of which is adjacent to the
ABCG5 gene [9]. The ABCG5 and ABCG8 are closely
arranged with an insertion of 85 or 140 bases in opposite
orientation [9, 62]. Independently, Lee et al. [43] identified
ABCG5 by positional cloning as the gene expressed in the
liver and small intestine which has been mapped to the
locus associated with sitosterolemia [Online Mendelian
Inheritance in Man (OMIM) 210250, see below]. Northern
blot analysis showed that the expression of ABCG5 and
ABCG8 overlapped in the liver and small intestine and, to a
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lesser extent, in the colon, where both ABCG5 and ABCG8
are expressed at the apical membrane [22]. Coexpression of
ABCG5 and ABCG8 is essential for maturation [22]. When
ABCG5 and ABCG8 are independently expressed, they are
restricted to the endoplasmic reticulum, and coexpression
results in the translocation of their proteins to the plasma
membrane. The heteromeric dimerization of ABCG5 and
ABCG8 was confirmed by immunoprecipitation [22].
Differentially tagged ABCG8 and ABCG5 were coprecipi-
tated when they were coexpressed in CHO-K1 cells,
whereas when expressed independently, they were re-
covered from the supernatant fraction.

Regulation of ABCG5 and ABCG8

As described previously, ABCG5 was initially identified as
the gene positively regulated by LXR [9]. Indeed, in mice
fed a high-cholesterol (2%) diet or a high-cholesterol
(0.2%) diet together with an LXR agonist (T0901317),
ABCG5 and ABCG8 expression was increased in the liver
and small intestine [63]. Since the effect was diminished in
LXRα-, and LXRα/LXRβ knockout mice, LXR is
involved in upregulating the expression of ABCG5 and
ABCG8 [63]. However, no LXR binding sites have been
found in the promoter region of ABCG5 and ABCG8
genes, but potential LXR binding sites have been suggested
to be present in the intronic regions of ABCG5 and ABCG8
[62]. The induction by an RXR agonist, LG268, in the
small intestine is LXR-dependent, whereas that in the liver
includes an LXR-independent mechanism since LG268
could induce the ABCG5/ABCG8 even in the liver of LXR
knockout mice [63]. Among the ligands of nuclear
receptors forming heterodimer with RXR, chenodeoxycho-
late, an agonist of farnesoid-X-activated receptor (FXR/
NR1H4), could induce the expression of ABCG5 and
ABCG8 in the liver [63]. The mechanism underlying
induction of ABCG5 and ABCG8 has been suggested to
be an indirect one since a synthetic FXR agonist, GW4064,
had insignificant effect and the induction occurred through
an indirect mechanism involving upregulation of other
factors [63].

Sitosterolemia

ABCG5 and ABCG8 have been considered to be functional
transporters for the efflux of shellfish- and phytosterols as
well as cholesterol. This is primarily based on the clinical
symptoms of sitosterolemia and in vivo studies using
Abcg5/Abcg8 double knockout mice, and in vitro transport
study has not been performed yet to elucidate the transport
characteristics of ABCG5 and ABCG8.

Homozygous mutations of ABCG5 or ABCG8 have
been shown to be associated with sitosterolemia [9, 43, 48],
a rare autosomal recessive disorder characterized by hyper-
absorption of phytosterol (sitosterol, stigmasterol, and
campesterol), shellfish sterols (dehydrocholesterol, C-26
sterol, brassicasterol, and 24-methylene cholesterol), and
cholesterol from the intestine, leading to the development
of xanthomas. Double knockout of Abcg5 and Abcg8 does
not produce any obvious physical abnormalities; however,
the hepatic and plasma concentrations of phytosterols, such
as sitosterol and campesterol, are significantly increased as
expected from the symptoms of sitosterolemia [85]. The
cholesterol concentration in the plasma and liver was rather
lower in the knockout animals following a low-cholesterol
diet (0.02% cholesterol); however the hepatic cholesterol
level was dramatically increased when the knockout mice
were fed a diet containing 2% cholesterol [85]. Knockout of
Abcg5 and Abcg8 increased the absorption of cholestanol,
campesterol, and sitosterol, but did not affect that of
cholesterol, the biliary excretion of which was markedly
reduced in mice fed with a diet containing 0.2 and 2%
cholesterol [85]. Considering that ABCG5 and ABCG8
form an obligatory heterodimer, it is reasonable that
knockout of Abcg5 or Abcg8 is sufficient to increase the
plasma concentration of phytosterols, such as beta-sitosterol
and campesterol [34, 60]. In contrast to the in vitro
observations [22], Abcg5 protein remained in the apical
membrane of the liver and intestine even in Abcg8
knockout mice [34].
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