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Complete Characterization of the Human ABC Gene Family

Michael Dean1,3 and Rando Allikmets2

The human ATP-binding cassette (ABC) transporters comprise a large family of membrane transport
proteins and play a vital role in many cellular processes. The genes provide functions as diverse as
peptide transport, cholesterol and sterol transport, bile acid, retinoid, and iron transport. In addition
some ABC genes play a role as regulatory elements. Many ABC genes play a role in human genetic
diseases, and several are critical drug transport proteins overexpressed in drug resistant cells. Analysis
of the gene products allows the genes to be grouped into seven different subfamilies.
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INTRODUCTION

The ATP-binding cassette (ABC) genes represent the
largest family of transporter genes and many of these genes
are implicated in disease processes and/or drug resistance
(Allikmets et al., 1996; Decottignies and Goffeau, 1997;
Higgins, 1992; Michaelis and Berkower, 1995). The proto-
type ABC protein binds ATP and uses this energy to trans-
port molecules across cell membranes. While hydropho-
bic compounds are the most common substrates, ABC
genes are capable of transporting metal ions, peptides, and
sugars. The functional protein contains two ATP-binding
domainsor nucleotide binding folds (NBF) and two trans-
membrane (TM) domains. The genes are typically orga-
nized as full transporters containing two of each domain,
or half transporters.

ABC genes are abundant in the genomes of bacte-
ria and archaebacteria where their principal role is in the
import of essential molecules (Ames and Lecar, 1992;
Higginset al., 1990). The yeast genome contains 29 ABC
genes, and most of these transporters function to move
compounds out of the cell or into intracellular organ-
elles (Decottignies and Goffeau, 1997; Michaelis and
Berkower, 1995). Analysis of amino acid sequence align-
ments of the ATP-binding domains has allowed the ABC
genes to be classified into subfamilies. There are seven
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ABC gene subfamilies in the human genome with all
except the OABP group containing multiple members.
For the most part these subfamilies contain genes that
also display considerable identity in the TM domains and
have identical gene organization, and similar intron loca-
tion. Five of these subfamilies are also found in the yeast
genome, indicating that these groups were established
early in the evolution of eukaryotes, and have been re-
tained. However, the function of ABC genes corresponds
poorly to subfamily organization, and often genes in differ-
ent subfamilies share more similarity in substrate recog-
nition than do genes in the same subfamily.

TheABC1gene subfamily is not represented in the
yeast genome, but is in theC. elegansand Drosophila
genomes, suggesting that it arose after eukaryotes ach-
ieved multicellularity. The best characterized ABC1-like
genes areABCA4 (ABCR), a rod photospecific trans-
porter of retinoids, andABCA1, a transporter of choles-
terol from peripheral tissues onto high density lipoproteins
(Allikmetset al., 1997a,b; Langmannet al., 1999; Luciani
et al., 1994; Sunet al., 1999).ABCA1 is also involved
in the phagocytic engulfment of cells (Moynaultet al.,
1998). TheABCA4gene is mutated in several retinal de-
generative diseases and theABCA1gene is responsible for
Tangier disease (a reverse cholesterol transport deficiency)
and some forms of hypolipoproteinemia (Allikmetset al.,
1997a,b; Bodziochet al., 1999; Brooks-Wilsonet al.,
1999; Cremerset al., 1998; Martinez-Miret al., 1997; Rust
et al., 1999). Therefore characterization of new ABCA
family genes is likely to yield biologically important trans-
porters that may play a role in human pathology.
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CHARACTERIZATION OF THE HUMAN
ABC GENE SUPERFAMILY

To characterize the complete complement of ABC
genes in the human and murine genomes we identified
EST clones that displayed homology with other known
ABC genes (Allikmetset al., 1996; Allikmets and Dean,
1998). Each clone was obtained and the complete se-
quence of the clone determined. An alignment includ-
ing any additional sequence from the EST database was
formed and the gene sequence compared to other known
genes. Unique genes were mapped in the mouse and hu-
man genomes using radiation hybrid and/or mouse back-
cross mapping (Schriml and Dean, 2000). Because most
ABC genes are dispersed, the genetic location was often
sufficient to document that a partially characterized gene
indeed represented a new gene family member.

Table I shows the complete list of the 45 ABC genes
described to date. The genes are dispersed onto 16 differ-
ent autosomes and two genes reside on the X chromosome.
The amino acid sequence of the ATP-binding domain was
used to classify each gene into an existing ABC gene sub-
family. Table II displays a list of the subfamilies and the
number of genes described in each. The ABC1, MDR, and
MRP/CFTR subfamilies are the most abundant contain-
ing 10–11 gene each. A phylogenetic tree of all the ABC
genes with at least one complete NBF is shown in Fig. 1
and statistical analysis clearly supports the separation of
the genes into subfamilies.

ABCA Subfamily

The ABCA subfamily is composed of full trans-
porters that cluster into two groups based on gene structure
and homology. The first group containsABCA1, 2, 3, 4,
and7. The second group is composed of a cluster of at least
five genes located on Chromosome 17q24 (ABCA5,6,8,9,
and10) (Schrimlet al., 2000). The five genes on 17q24 are
closely spaced and arranged in a head-to-tail fashion and
all encode full transporters. The two groups of ABC1-like
genes are distinguished by having different intron struc-
tures with ABCA1 and ABCA4 containing 50 introns and
ABCA6, 8, and9 having 38 introns. The amino terminal
portion of theABCA1,2,3,4, and7genes are considerably
longer than the other group.

The White/ABC8Gene Subfamily

The first eukaryotic mutation that was described
was the white eye mutant inDrosophila. The lack of
pigmentation in the eyes of these flies is due to the

Table I. List of Human ABC Genes and Their Chromosomal Location

Symbol Alias Location Subfamily Function

ABCA1 ABC1 9q31 ABC1 Cholesterol transport
ABCA2 ABC2 9q34 ABC1 Drug resistance
ABCA3 ABCC 16p13.3 ABC1
ABCA4 ABCR 1p13-p21 ABC1 Rod photoreceptor

retinoid transport
ABCA5 17q24 ABC1
ABCA6 17q24 ABC1
ABCA7 19p13 ABC1
ABCA8 17q24 ABC1
ABCA9 17q24 ABC1
ABCA10 17q24 ABC1
ABCA12 2q34 ABC1
ABCA13 7p11-q11 ABC1
ABCB1 PGY1 7q21.1 MDR Drug resistance
ABCB2 TAP1 6p21 MDR Peptide transport
ABCB3 TAP2 6p21 MDR Peptide transport
ABCB4 PGY3 7q21.1 MDR Bile-acid transport
ABCB5 7p15 MDR
ABCB6 2q32 MDR Iron transport
ABCB7 ABC7 Xq21-q22 MDR Iron transport
ABCB8 7q35-q36 MDR
ABCB9 12q23-q24 MDR
ABCB10 1q32 MDR
ABCB11 SPGP 2q24 MDR Bile-acid transport
ABCC1 MRP1 16q12 CF/MRP Drug resistance
ABCC2 MRP2 10q23-q24 CF/MRP Bile-acid transport
ABCC3 MRP3 17q21.3 CF/MRP
ABCC4 MRP4 13q31 CF/MRP Nucleoside transport
ABCC5 MRP5 3q25-q26 CF/MRP
ABCC6 MRP6 16p13.1 CF/MRP
ABCC7 CFTR 7q31.2 CF/MRP Chloride ion channel
ABCC8 SUR 11p15.1 CF/MRP Sulfonylurea receptor
ABCC9 SUR2 12p12.1 CF/MRP
ABCC10 MRP7 6p21 CF/MRP
ABCC11 16p11-q11 CF/MRP
ABCC12 16p11-q11 CF/MRP
ABCD1 ALD Xq28 ALD VLCFA transport
ABCD2 ALDL1 12q11 ALD
ABCD3 PXMP1 1p22-p21 ALD
ABCD4 PMP69 14q12 ALD
ABCE1 OABP 4q28 OABP Oligoadenylate-

binding protein
ABCF1 6p21 GCN20
ABCF2 7q36 GCN20
ABCF3 3q25 GCN20
ABCG1 White 21q22.3 White
ABCG2 ABCP 4q22 White Drug resistance
ABCG4 White2 11q23 White
ABCG5 White3 2p21 White

Note.The gene designatedABCA11on Chromosome 4p appears to be a
pseudogene. An ABCC-like gene is present on Chromosome 21, how-
ever, expression of the gene in cells has yet to be documented.

functional loss of transporters for guanine and trypto-
phan, two eye pigment precursors. Thewhite gene is a
half transporter ABC molecule and is one of three related
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Table II. Diseases Caused by ABC Genes

Gene Phenotype

ABCA1 Tangier disease, FHDLD
ABCA4 Stargardt/FFM, RP19, CRD, AMD
ABCB2 Immune deficiency
ABCB3 Immune deficiency
ABCB4 PFIC-3
ABCB7 XLSA/A
ABCB11 PFIC-2
ABCC2 Dubin–Johnson Syndrome
ABCC6 Pseudoxanthoma elasticum
ABCC7 Cystic Fibrosis
ABCC8 FPHHI
ABCD1 ALD

Note.FHDLD – familial hypoapoproteinemia; FFM – fundus
flavimaculatis; RP19 – retinitis pigmentosum 19; CRD – cone-
rod dystrophy; AMD – age-related macular degeneration;
PFIC – progressive familial intrahepatic cholestasis; XLSA/A –
X-linked sideroblasosis and anemia; FPHHI – persistent hyper-
insulinemic hypoglycemia of infancy due to focal adenomatous
hyperplasia; ALD – adrenoleukodystrophy.

genes in flies, the others beingbrownandscarlet(Pepling
and Mount, 1990). These genes are unique in that they
have the NBF at the N-terminal end of the molecule,
whereas all other ABC genes are in either a TM-NBF
or TM-NBF-TM-NBF arrangement. A mammalian gene
with considerable identity towhite has been described
(Chenet al., 1996). This gene,ABCG1, (ABC8/WHITE)
is also a half transporter with the NBF at the N-terminus.
ABCG1is induced in cells subjected to cholesterol loading
and is speculated to play a role in this process (Klucken
et al., 2000). At least three otherWhite/ABC8subfamily
genes are present in the human genome (ABCG2, 4, and5)
(Shuleninet al., 2001). An additional ABCG-related gene,
Abcg3 (Abcp2) has to date only been identified in the
mouse genome (Mickleyet al., 2001). The yeast genome
contains one half transporter that is related to the fam-
ily (ADP1) and nine full transporter genes arranged in
a NBF-TM-NBF-TM fashion. Several of the yeast full
transporters are involved in resistance to cytotoxic drugs
in bothS. cerevisiaeand other yeast species.

Human Diseases and ABC Gene

Several ABC genes have been implicated in both
Mendelian and complex genetic disorders including,
cystic fibrosis, adrenoleukodystrophy, Stargardt disease,
Tangier disease, and several hepatic disorders. Consistent
with the wide spectrum of function of the ABC genes,
the diseases they are associated with are also diverse

(Table II). Cystic fibrosis is characterized by abnormal
exocrine secretions causing pancreatic degeneration and
lung infections (Tsui, 1995). It is caused by mutations in
CFTR, the only ABC gene that is an ion channel (Riordan
et al., 1989). The incidence of pancreatitis, a complex dis-
order is increased inCFTRmutation carriers (Cohnet al.,
1998; Shareret al., 1998). Adrenoleukodystrophy (ALD)
patients suffer from neurological complications and the
ALD (ABCD1) gene (Mosseret al., 1993). The ALD pro-
tein is located in the peroxisome where it is believed to
be involved in the transport of very long chain fatty acids.
TheABCA4gene is expressed exclusively in rod photore-
ceptors where it transports retinol derivatives from the rod
disks into the cytoplasm. A complete loss of ABCA4 func-
tion leads to a retinitis pigmentosum phenotype whereas
patients with at least one missense allele have Startgardt
disease (STGD) (Martinez-Miret al., 1997). STGD is
characterized by juvenile to early adult onset of retinal de-
generation and loss of central vision.ABCA4mutation car-
riers are also increased in frequency in age-related macular
degeneration (AMD) patients (Allikmetset al., 1997a,b).
AMD patients display loss of central vision after the age
of 60 and the causes of the disease are poorly understood
(Lewis and Lupski, 2000). The abnormal accumulation of
retinoids, due to a deficiency in ABCA4, has been postu-
lated to be one mechanism by which this process could be
initiated.

Tangier disease is characterized by deficient choles-
terol efflux from peripheral cells, such as macrophages,
and a very low level of high density lipoproteins (HDL).
The disease is caused by alterations in theABCA1gene,
implicating this protein in the pathway of removal of
cholesterol onto HDL. Patients with hypolipidemia have
also been described that are heterozygous forABCA1mu-
tations, suggesting that ABC1 variations may play a role
in regulating the level of HDLs in the blood (Marcilet al.,
1999).

DISCUSSION

With the increasing availability of human and murine
cDNA and genomic sequence, additional members of the
ABC gene superfamily continue to be identified. Currently
there are 45 ABC genes that have been characterized in
either the human or mouse genomes.ABCA10andABCG4
represent the only ABC genes that we identified exclu-
sively from genomic sequence data. However, they clearly
represent expressed genes as there are several ESTs that
contain portions of the 3′ untranslated region ofABCA10,
and PCR expression and Northern blot analysis shows that
both genes are expressed in several human tissues.
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Fig. 1. Phylogenetic analysis of human ABC genes. An alignment of the NBF domain of each human
ABC gene was produced and used to derive a phylogenetic tree. The subfamily groups are shown as thick
bars on the right and I and II represent the N and C-terminal NBFs respectively.
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The ABC1-like genes and OABP represent the only
subfamily of ABC genes that do not have identifiable para-
logs in the yeast genome. There is however at least one
ABC1-related gene inC. elegans(ced-7) and several in
Drosophila. Thus theABC1genes appear to have arisen
rather recently, as eukaryotes became multicellular and
developed more sophisticated transport requirements. To
date there are 11 knownABC1subfamily genes, making it
the largest such group. However, we know relatively little
about the function of these genes. In mammals theABCA1
gene is highly expressed in macrophages and monocytes
and theced-7gene plays a role in the recognition and
engulfement of apoptotic cells inC. elegans. An important
function of macrophages is to process the lipids that were
derived from engulfed cells, andABCA1appears to play
a critical role in this process.

The ABC genes are highly dispersed in the human
genome with no cluster larger than two related genes
(TAP1 and TAP2; PGY1 and PGY3; ABCC1 (MRP) and
ABCC6) identified to date. The PGY/MDR gene cluster
contains three genes in rodents. Thus it is surprising to
find a cluster of at least five ABC genes at the 17q24 lo-
cus. No obvious disease or phenotypes have been mapped
to this region of the genome that would suggest a func-
tion for this group. Preliminary analysis of the mouse
EST clones indicates that there is also a cluster of related
genes in a region syntenic to Chromosome 17, suggest-
ing that this gene cluster is rather ancient. In addition,
the high level of expression of some of these genes in
the ovary and other tissues is intriguing. Since all steroid
hormones are derived from cholesterol, it is tempting to
speculate that the gene products may play a role ovarian
hormone biogenesis or transport. Knockout technology
in the mouse may be needed to begin to understand the
function of these transporters.
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