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The human ATP-binding cassette half transporter
G1 (hABCG1) may play a role in cholesterol trans-
port in macrophages. Using RACE assays we deter-
mined the structure of this gene. The hABCGL1 gene
spans more than 97 kb comprising 20 exons, 20 kb
and 5 exons more than hitherto described. Four of
the novel exons are upstream and one is downstream
of previous exon 1, and they are predicted to encode
at least five novel transcripts. We also detected two
separate promoters, upstream of exons 1 and 5, re-
spectively. The region 650 bp upstream of exon 1 was
predicted to contain putative binding sites for SP1
and nuclear factor kB (NF-«kB), but no sterol re-
sponse elements (SRESs) or retinoid X receptor (RXR)
binding sites. The region 650 bp upstream of exon 5

Abbreviations used: 22(R)-HC, 22(R)-hydroxycholesterol; 9-cRA,
9-cis retinoic acid; aa, amino acid(s); ABC, ATP-binding cassette;
ABCAL1, ATP-binding cassette transporter Al; AP, activator protein;
ATP, adenosinetriphosphate; bp, base pair(s); BRE, B recognition
element; cAMP, cyclic-adenosinmonophosphate; C/EBP, CCAAT-
enhancer-binding proteins; CREB, cAMP responsive element bind-
ing; CREBP, cAMP-responsive element binding protein; GCF, GC-
binding factor; GM, granulocyte/macrophage; GR, glucocorticoid
receptor; hABCG1, human ATP-binding cassette half transporter
G1; HMG-CoA, hydroxymethylglutaryl coenzyme A; HNF, hepatic
nuclear factor; IRF, interferon regulatory factor; ISGF, interferon-
stimulated gene factor; ISRE, interferon-stimulated response ele-
ment; LXR, liver-specific X receptor; mMABCG1, murine ATP-binding
cassette half transporter G1 (Mus musculus); MAZ, myc-associated
zinc finger protein; NF-GMa, nuclear factor GMa; NF-«B, nuclear
factor kappa B; NFY, nuclear factor Y (Y-box binding factor); N-Oct,
nervous-system specific POU domain transcription factor binding to the
octamer DNA motif; Oct, octamer transcription factor; RACE, rapid
amplification of cDNA ends; RAR, retinoic acid receptor; RLM-RACE,
RNA ligase-mediated rapid amplification of 5’ cDNA ends; ROR RAR-
related orphan receptor; RXR retinoid X receptor; SP, stimulating pro-
tein; SRE, sterol response element; SREBP, sterol response element
binding protein; T3R, thyroid hormone receptor; TCF, T-cell transcrip-
tion factor; TFIID, transcription factor 11D; TESS, Transcription Ele-
ment Search Software; VDR, vitamin D receptor.

! Stefan Lorkowski and Stephan Rust contributed equally to this paper.

% To whom correspondence and reprint requests should be addressed
at Ogham Diagnostics GmbH, Mendelstrasse 11, 48149 Munster, Ger-
many. Fax: +49-251-9801389. E-mail: cullen@uni-muenster.de.

121

contained 19 possible SP1 binding sites, one possible
SRE, two possible NF-kB, and two putative RXR
binding sites. Nevertheless, both promoters re-
sponded in macrophages to stimulation by hydroxy-
cholesterol and retinoic acid. © 2001 Academic Press

Key Words: 5'-RACE; ATP-binding cassette trans-
porter G1; ABC8; ABCGL1; Drosophila white gene; pro-
moter region; genomic structure; macrophages.

ATP-binding cassette (ABC) transporters form a
highly conserved superfamily of proteins, at least 50
members of which have been identified in humans and
other eukaryotes (1-4). Functional ABC full transport-
ers comprise two symmetrical halves, each of which
consists of the well-defined ATP-binding fold first char-
acterized by Walker in 1982 (5), and a hydrophobic
part, containing six membrane spanning domains, that
provides substrate specificity. Half transporters con-
tain six transmembrane domains and a single ATP-
binding cassette (1, 6) and are thought to form homo- or
heterodimers with a second half transporter to build up
a functional transporter. The ATP-binding fold is com-
posed of the conserved Walker A and B domains and a
“signature” motif upstream of the Walker B domain
(1, 7). These three domains are required for the binding
and hydrolysis of ATP, which in turn provides energy
for the transport of a large variety of substrates across
cellular and organelle membranes (1, 3, 8).

The half transporter ABCG1, a member of the ABC
transporter subfamily G, encoded by the ABCG1 gene,
was first described by Chen et al. (9) and independently
by Croop et al. and Savary et al. as a homologue of the
Drosophila white protein (3, 10). Kuwana et al. de-
scribed an ABC transporter expressed in trachea of
Drosophila melanogaster, which shows higher homol-
ogy to the human ABCG1 gene product than the Dro-
sophila white protein (11). Chen et al. isolated the
coding region of the hABCG1 gene and reported evi-
dence of alternative splicing in the coding region (9).
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TABLE 1
Primers Used for ABCG1 5’-RACE PCRs, ABCG1 3’-RACE PCRs, and Real-Time RT-PCR

Primer Sequence Hybridization region Orientation
hABCGL1 5'-RACE 1 reverse 5’-gag gag aag cgc tgg cct tcc gtg agg t-3’ Exon 7 (former exon 2) Antisense
hABCGL1 5'-RACE 2 reverse 5’-cag atg tcc att cag cag gtc cgt ctc ag-3’ Exon 7 (former exon 2) Antisense
hABCG1 5'-RACE 3 reverse 5'-gtt gctg gac acc acc tca tcc acc gag-3’ Exon 7 (former exon 2) Antisense
hABCG1 3'-RACE 1 forward 5'-tgc tgt tcc teca tgt tcg-3’ Exon 16 (former exon 11) Sense
hABCG1 3'-RACE 2 forward 5’-tgg atg tcc tac atc tcc-3' Exon 19 (former exon 14) Sense
hABCGL1 promoter A forward 5’-atg ttt gtg gcg cta cac caa-3’ Exons 1 and 2 Sense
hABCG1 promoter A reverse 5’-tgc gtt ccc age atc aag a-3’ Exon 2 Antisense
hABCGL1 promoter B forward 5’-tct gat ggc cgc ttt ctc g-3' Exon 5 (former exon 1) Sense
hABCG1 promoter B reverse 5’-cca tgt tgc tgg aca cca cc-3' Exon 7 (former exon 2) Antisense
mMABCG1 5’-RACE 1 reverse 5’-cct tga att cga tgt tca cgg ccg ccc tee-3' — Antisense
h18S rRNA forward 5’-cgg cta cca cat cca gga a-3’ — Sense
h18S rRNA reverse 5’-gct gga tta ccg cgg ct-3’ — Antisense

hABCG1 cDNAs with different 5’-ends encoding alter-
native methionine start codons, and which are thus
predicted to encode different proteins have also been
described (3, 10).

The human ABCGL1 gene has been mapped to chro-
mosome 21qg22.3 (3, 9, 10). A DNA polymorphism with
62% heterozygosity due to variation of a poly(T) region
in the 3’'-untranslated region has also been reported
(9). Furthermore, Nakamura et al. described an A — G
transversion in the 3’-untranslated region of the
hABCG1 gene and found significant associations be-
tween the (A/G)-polymorphism and the poly(T)-
polymorphism first described by Chen et al. with mood
and panic disorders in males (9, 12).

In recent reports, hABCG1, as well as many other
human ABC genes, was shown to be regulated by cho-
lesterol uptake or HDL ;-mediated lipid release in hu-
man macrophages (13). Venkateswaran et al. showed
that hABCG1 mRNA levels are regulated by the liver-
specific X receptor/retinoid X receptor (LXR/RXR)
pathway (14), which recently has been shown to play
an important role in lipid metabolism (15, 16). These
findings suggest a potential function for ABCG1 in
macrophage cholesterol homeostasis.

It is now becoming clear that not only the ATP-
binding cassette transporter Al (ABCAl, ABC1)
gene which was recently linked to Tangier disease
(17-20), but also the ABCG1 gene is involved in
cholesterol efflux and atherosclerotic plague forma-
tion. Therefore, ABCG1 may be a potential target for
antiatherosclerotic therapies. Knowledge of regula-
tory elements of the ABCG1 gene will be of relevance
in this regard.

We have determined the complete structure of the
hABCG1 gene and carried out examination of the 5'-
end to determine putative regulatory elements. Our
studies indicate an unexpected degree of complexity in
the expression and regulation of this gene product.

MATERIALS AND METHODS

Cell culture. Monocytes were isolated from the peripheral blood
of healthy volunteers by cell separation and countercurrent elutria-
tion as previously described (21). All procedures were approved by
the Hospital Ethics Committee. The purity of monocyte fractions was
tested by flow cytometry (FACScan, Becton—-Dickinson, Heidelberg,
FRG). The cells were cultured in RPMI 1640 (Gibco BRL Life Tech-
nologies, Eggenstein, FRG) plus 20% heterologous human serum
(PAA Laboratories, Linz, Austria) for 14 days to allow differentiation
into macrophages. Differentiated macrophages were stimulated for
24 h using 10 uM 22(R)-hydroxycholesterol and 10 M 9-cis retinoic
acid to induce transcription of ABCG1 (14).

A THP-1 monocytic cell line was purchased from the American
Tissue Culture Collection (Rockville, MD). THP-1 cells were main-
tained in RPMI 1640 containing L-glutamine, 10% FCS, 100 U/ml
penicillin, and 100 pg/ml streptomycin supplemented with 50 nM
B-mercaptoethanol. Subconfluent THP-1 cells were differentiated
into macrophages using 0.2 mM phorbol 12-myristate 13-acetate
during 48 h. Differentiated THP-1 cells were stimulated for 24 h
using 10 uM each of 22(R)-hydroxycholesterol and 9-cis retinoic acid,
respectively, to induce transcription of ABCG1 (14).

RAW 264.7 cells were maintained in DMEM, 10% FBS, and 1%
antibiotic, antimycotic solution (Sigma). Cells were passaged by
scraping. For extraction of RNA a confluent layer of RAW macro-
phages was incubated in DMEM, 0.1% BSA, and 1% antibiotic,
antimycotic solution with or without addition of 10 uM 9-cis retinoic
acid and 22(R)-hydroxycholesterol, each for 16 h.

5'-RACE assays. The 5’-untranslated region of human ABCGL1
mRNA was determined using rapid amplification of cDNA ends
(RACE) using the SMART RACE cDNA Amplification Kit (Clontech
Laboratories, Heidelberg, FRG). For this purpose total cellular RNA
was isolated from macrophages using the RNeasy Mini kit (Qiagen)
and oligonucleotides hABCG1 5'-RACE 1 reverse, hABCG1 5-RACE
2 reverse, and hABCG1 5-RACE 3 reverse (Table 1) which were
designed from published mMRNA sequences (GenBank Accession Nos.
NM_016818 and NM_004915) (3, 9, 10, 13). Poly(T)1, 45 oligonucleo-
tide (Gibco BRL Life Technologies) or oligonucleotide hABCG1 5'-
RACE 1 reverse were used to synthesize first strand cDNA from 1 g
total RNA isolated from human monocyte-derived macrophages or
stimulated THP-1 cells using SuperScript Il reverse transcriptase
(Gibco BRL Life Technologies) and SMART 11 oligonucleotide (Clon-
tech, Heidelberg, FRG). 5'-RACE PCRs were performed according to
the manufacturer’s protocol (Clontech) using Hotstar Tag polymer-
ase (Qiagen). The oligonucleotide hABCG1 5'-RACE 2 reverse to-
gether with the Universal Primer Mix (UPM) (Clontech) was used for
the PCR of the RACE assay, which was carried out using an Applied
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Biosystems 9600 thermocycler (Applied Biosystems, Weiterstadt,
FRG). Conditions for the RACE reaction were 94°C for 15 min
followed by 35 cycles of 94°C for 30 s, 58°C for 30 s, 72°C for 45 s,
followed by a final extension phase of 72°C for 7 min. PCR products
were gel purified and a diffuse band of about 400 bp was reamplified
in a nested PCR using the oligonucleotide hABCG1 5-RACE 3 re-
verse together with the nested universal primer (Clontech) and Hot-
star Taq polymerase (Qiagen). The nested PCR conditions were 94°C
for 15 min followed by 30 cycles of 94°C for 30 s, 58°C for 30 s, and
72°C for 45 s, followed by a final extension of 72°C for 7 min.

The 5’-untranslated region of Mus musculus ABCG1 mRNA was
determined using RNA ligase-mediated rapid amplification of 5’
cDNA ends (RLM-RACE) using the GeneRacer Kit (Invitrogen,
Groningen, The Netherlands). Total cellular RNA was isolated from
RAW 264.7 cells as described above and primers were designed from
published mRNA sequences (GenBank Accession No. Z48745; Table
1) (10). After ligation of the GeneRacer RNA oligo (Invitrogen) to the
RNA, the GeneRacer oligo dT primer (Invitrogen) was used to syn-
thesize first strand cDNA from 1 ug total RNA isolated from stimu-
lated RAW 264.7 cells using AMV reverse transcriptase (Invitrogen).
5’-RACE PCRs were performed according to the manufacturer’s pro-
tocol (Invitrogen) using Hotstar Taq polymerase (Qiagen). The oli-
gonucleotide mMABCGL1 5'-RACE 1 reverse (Table 1) together with the
GeneRacer 5'-primer (Invitrogen) was used for the 5'-RACE reac-
tion, which was carried out using an Applied Biosystems 9600 ther-
mocycler (Applied Biosystems, Weiterstadt, FRG). Conditions for the
5'-RACE reaction were 94°C for 15 min followed by 5 cycles of 94°C
for 30 s, and 72°C for 60 s, 5 cycles of 94°C for 30 s, 70°C for 30 s and
72°C for 60 s, and 30 cycles of 94°C for 30 s, 68°C for 30 s and 72°C
for 60 s, followed by a final extension phase of 72°C for 10 min. PCR
products were gel purified.

3’-RACE assays. Five micrograms of total RNA from human
macrophages were reverse transcribed using SuperScript 11 (Gibco
BRL Life Technologies) as recommended by the manufacturer using
the adapter primer (Gibco BRL Life Technologies). RNase H treat-
ment of the cDNA was performed as described by the manufacturer
(Gibco BRL Life Technologies). 3'-RACE PCRs were performed ac-
cording to the manufacturer’s protocol using Hotstar Taq polymerase
and the oligonucleotide hABCG1 3’-RACE 1 forward (Table 1) to-
gether with the universal amplification primer (Gibco BRL Life
Technologies) of the 3’-RACE system for rapid amplification of cDNA
ends (Gibco BRL Life Technologies). The PCR conditions were 94°C
for 15 min followed by 35 cycles of 94°C for 30 s, 58°C for 30 s, and
72°C for 45 s followed by a final extension phase of 72°C for 7 min.

DNA sequencing. PCR products were gel purified and cloned into
pCRII-TOPO vector (Invitrogen, Leek, NL) using the TOPO TA
Cloning Kit (Invitrogen). DNA sequencing was performed directly on
PCR products or cloned cDNA using the Big Dye Terminator Cycle
Sequencing kit (Applied Biosystems) with primers hABCG1 5'-
RACE 2 reverse, hABCG1 5’-RACE 3 reverse, mMABCGL1 5-RACE 2
reverse, hABCG1 3'-RACE 2 forward (Table 1) or M13/pUC reverse
and M13/pUC forward (Gibco BRL Life Technologies) on an ABI
Prism 3700 DNA sequencer or an ABI Prism 377 DNA sequencer
(Applied Biosystems, Weiterstadt, FRG).

Analysis of predicted protein sequences. Predicted amino termi-
nal protein sequences were analyzed for the presence of signal
peptides, the position of cleavage sites and cellular localization us-
ing SignalP (22) (URL: http://130.225.67.199/services/SignalP/
index.html), the NCBI Conserved Domain Database with reverse
position-specific BLAST Search Service (23-26) (URL: http:/
www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml) and PSORT 11 (27-29)
(URL: http://psort.ims.u-tokyo.ac.jp/).

Analysis of 5’-flanking regions. The Homo sapiens genomic DNA
derived from chromosome 21q section 90/105 (GenBank Accession
No. AP001746) was used to identify the 5'-flanking regions of the
hABCGL1 gene. To locate regulatory elements which potentially con-
trol expression of the hABCG1 gene a comparison of scores was
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generated on the world-wide-web from the Transcription Factor da-
tabase (TRANSFAC) using Transcription Element Search Software
(TESS) (30) (URL: http://www.cbil.upenn.edu/tess/index.html), and
Matlnsepctor V2.2 (31) (URL: http://www.gsf.de/biodv/matinspector.
html) to analyse genomic 5’-flanking sequences of up to 2000 bp in
length derived from the first exons of the different hAABCG1 tran-
scripts. The 5'-flanking regions and parts of the first exons of the
hABCGL1 transcripts were analyzed for the presence of CpG islands
as defined by Gardiner-Garden and Frommer (32) using Webgene
software (URL: http://www.itba.mi.cnr.it/webgene/).

Real-time RT-PCR assays. Five micrograms of total RNA were
transcribed to cDNA using SuperScript Il reverse transcriptase
(Gibco BRL Life Technologies) and an oligo(dT),, s primer (Gibco
BRL Life Technologies). Real-time PCR analysis was performed us-
ing the SYBR Green PCR Reagents Kit (PE Applied Biosystems)
with an ABI Prism 7700 Sequence Detection System (Applied Bio-
systems) according to the manufacturer’s instructions. hABCG1
cDNAs were generated by reverse transcription from 5 pg total RNA.
Each PCR amplification of cDNA was then performed with the cDNA
derived from 50 ng total RNA. The primers used for PCR amplifica-
tion of the cDNAs were hABCG1 promoter A forward and hABCG1
promoter A reverse for promoter A transcripts, and hABCGL1 pro-
moter B forward and hABCG1 promoter B reverse for promoter B
transcripts; amplification of 18S ribosomal RNA cDNA, the internal
standard, was performed using the oligonucleotide h18S rRNA for-
ward and h18S rRNA reverse (Table 1). Each sample was measured
in triplicate and a blank containing no template cDNA was used as
a negative control.

RESULTS

Human ABCG1 mRNA Sequences Generated
by 5'-RACE

5’-RACE using total RNA from THP-1 cells revealed
several hABCG1 transcripts with different 5’-ends
(Fig. 1) and various length (2844 bp to 3121 bp calcu-
lated length of the respective hABCGL1 transcripts).
When these transcripts were compared to the genomic
DNA sequence on chromosome 21, we found that some
mapped upstream of the exons which were previously
described as exons 1 and 2. Based on the position of the
transcripts, we predict the presence of five novel exons
in the ABCGL1 gene, indicated as exons 1, 2, 3, 4, and 6
in Fig. 1. The exon which was previously described as
exon 1 should now be designated exon 5 and the exon
which was previously described as exon 2 should now
be termed exon 7. Accordingly, those exons that were
previously given the numbers 3 to 15 in the ABCG1
gene should now be assigned the numbers 8 to 20.

Based on our analyses, at least five different splice
variants with at least 10 different 5’ ends are encoded
by the hABCG1 gene. Moreover, we found four differ-
ent start regions of RNA transcription located in exon
1 (transcripts A, B, C, D, and E), exon 4 (transcript F),
exon 5 (transcripts G, H, and 1), and exon 6 (tran-
script J), respectively (Fig. 1). Figure 2 shows the pre-
dicted amino acid sequences of the proteins predicted
from the mRNA sequences detected in our studies. Our
data indicate the presence of a new putative TATA
box-containing promoter nearly 20 kb upstream of the
previously described putative TATA box-free promoter

123



Vol. 280, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
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FIG. 1. Analysis of human ABCGL1 5’'-sequence: (A) partial gene structure and (B) structure of 5’-ends of cDNAs. (A) The structure of the
human ABCG1 gene upstream of the former exon 2 was determined by sequence analysis. The genomic sequence of the 5’-end of human
ABCG1 was identical to the respective sequence in genomic DNA database sequence of human chromosome 219 section 90/105 (Accession No.
AP001746). The positions of the five new exons (exons 1, 2, 3, 4, and 6) and two previously known exons (exons 5 and 7) in the human sequence
are indicated by gray boxes. Possible ATG start codons in frame with the translational frame of published ABCG1 protein sequences are
present in exons 2, 4, 5, 6, and 7 (indicated by vertical lines in A). The relative positions of the exons are given in Table 2. (B) 5'-RACE PCRs
were performed on RNA isolated from THP-1 macrophages stimulated with 10 uM 22(R)-hydroxycholesterol and 10 uM 9-cis retinoic acid.
These cells express exons 1 to 7 as splice variants (transcripts A to J; sorted by 5’ end point). The 5’-ends of single RNA transcripts showed
different starting points in their first exons. The relative genomic positions of the exons in the ABCG1 gene on chromosome 21 are shown
in Fig. 3.

(Accession No. AJ289317) and immediately upstream
of exon 1 (our numbering). Furthermore, we identified
two additional putative promoters, as indicated by two
hABCGL1 transcripts with start sites in exon 4 and 6
(transcripts F and J) both of which lack TATA boxes
(data not shown). Further, 5’-ends of transcripts F and
J were identified only once, suggesting that these pro-
moters are of minor physiological importance.

Murine ABCG1 mRNA Sequences Generated
by 5’-RACE

5’-RACE using total RNA from the RAW 264.7 mu-
rine macrophage cell line revealed two murine ABCG1
(mABCG1) transcripts (calculated length of the
mMABCGL1 transcripts 3572 and 3601 bp, respectively).
One of these transcripts shared 100% homology with

A

Transcript 10 20 30
J MRISLPRAPERDGGVSASSLLDTVTHASSYTSAESE 60
A,B,D,E MLGTQGWTKQRKPCPONASSYSH 51
F MIMRLPQPHGTNASSYSAER 46
G MACLMAAFSVGTAMNASSY SAEIG 49
H, I MAAFSVGTAMNASSYSAER 45
C 27

B

Human 49

Murine 49

FIG. 2. Alignment of conceptually translated amino terminal human ABCGL1 peptide sequences encoded by the identified human ABCG1
transcripts with different N-termini. (A) The 10 different 5’-ends of the human ABCGL1 transcripts identified in these studies revealed six
variant amino termini of the ABCGL1 protein. In all cases the first ATG in the human ABCG1 open reading frame was used as the initiation
site for the prediction of the amino acid sequences. (B) The two murine (Mus musculus) ABCG1 transcripts encode for the same ABCG1
protein which shares 96% (643 of 666) identity and more than 97% (654 of 666) amino acid homology with the human ABCGL1 protein
sequence (Accession Nos. CAA88636 and NP_058198). Homologous amino acids are marked with a +.
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FIG. 3. Correspondence between genomic structure of the human ABCG1 gene and protein domains of the human ABCGL protein. (Top)
Exon—intron structure of the human ABCG1 gene on human chromosome 21. Exons are shown as gray boxes and vertical lines. | marks a
36-bp insertion reported by Chen et al. (9). 1l marks a poly(T) polymorphism reported by Chen et al. and Nakamura et al. (9, 12). The two
putative promoter regions A and B of the two main start regions of hABCGL1 transcripts are shown as solid black arrows. The position of two
further putative, but weak promoters (C and D; not further analyzed) in the 5’-region upstream of exons 4 and 6 (transcripts C and J in Fig.
1) are indicated by solid gray arrows. (Bottom) Structure of the human ABCGL1 protein. Exon-encoded protein domains are highlighted by
graphic motifs in the predicted protein using transcript G. Various: Region of different peptides of the amino terminus of the human ABCG1
protein as encoded by human ABCGL1 transcripts with different 5’-ends (see Fig. 2). ABC (black box): ATP-binding cassette including Walker
A and B motifs (gray) and the “signature” motif (white). TM (gray box): transmembrane spanning domain with six transmembrane helices
(1 to 6). White boxes: area between the nucleotide binding fold and the transmembrane domain with no known function and cytosolic

C-terminus of the human ABCGL1 protein.

the published sequence of the 5’'-region of the mABCG1
MRNA (Accession No. Z48745) (10), with the exception
of nine additional bases (GGAACCCGC) at the 5'-end
of our sequences (data not shown). The new bases at
the 5’-end do not result in a new ATG start codon, so
that the published protein sequence (Accession No.
CAAB88636) would appear to represent the full-length
mMABCGL1 protein. Moreover, the first ATG codon in the
MABCGL1 sequence agrees with Kozak’s rules (33) and
is therefore likely to be the authentic site at which
translation of mMABCG1 mRNA is initiated in the
mouse. The predicted sequence of the first 49 amino
acids of murine ABCG1 shows 96% identity and 97%
homology to the proteins predicted from one of the
transcripts of human ABCG1 (transcript G in Fig. 1)
with its start site in exon 5 (former exon 1) (Fig. 2). The

second MABCG1 transcript identified in our studies
shares 100% homology with the published sequence of
the 5'-region of the mMABCG1 mRNA (Accession No.
Z48745) (10), apart from the absence of 20 bases at the
5" end of our sequences (data not shown). Our sequence
contains the same ATG start codon as the published
MRNA sequence (Accession No. Z48745) (10) so that
the translation initiation site of the mABCG1 protein
is the same for both our and the previously published
sequence.

Human ABCG1 mRNA Sequences Generated
by 3'-RACE

A single hABCG1 transcript representing the 3’-end
of the hAABCG1 mRNA was identified using 3'-RACE of
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FIG. 4. Chromosomal nucleotide sequence of the 5'-flanking region of the human ABCG1 gene upstream of exon 1 (promoter A). The
translation into amino acids of the first two exons of transcript D (the most common variant at promoter site A) in frame to the main part
of the protein is given below the appropriate codons, beginning the translation after a stop codon (indicated as *) in exon 2. The first in frame
ATG is highlighted in bold letters and the respective potential methionine start amino acid of protein sequences is underlined. Numbers to
the right are relative to the transcription start site, which is indicated by an arrow. Negative values refer to the 5’-genomic sequence, positive
values count only the bases of the cDNA (uppercase letters in the sequence). The genomic intron sequences are in lowercase letters, while
the coding regions are shown in upper case. Sequences similar to consensus sequences for transcription factors are underlined. A TATA box
consensus sequence is colored in light gray (41). The consensus sequence of a putative B recognition element (BRE) is colored in dark gray
(42). Further explanations are given in the text.
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TABLE 2
Position of the 20 Exons Encoding the Human ABCG1 Gene

Exon size Intron size Splice acceptor site Donor acceptor site
Exon (bp) Position?® (bp) intron’exon exon’intron
1° 161 33,547-33,707 1,727 '"AGACACTGAA ATGTTTGTG@agtcact
2 147 35,435-35,581 5,222 tccaccacag 'CGCTACACCA CTGCCCTGAgggtcag
3 41 40,804-40,844 9,090 ttgttttcag "TGAGAAATAT TCCCCTATAtaggtatt
4 112 49,935-50,046 3,047 '"GCTTTATAAA ACATGGAAQ@Tagtccgt
5¢ 69 53,093-53,162 6,367 'GCCGCCGCCG CACCGCCH#gaytgage
6 149 53,756-53,904 5,627 'GGCGAGGGGC CACAGTTé@agtgctg
7 244 59,529-59,772 45,155 gtttttctag 'AATGCCAGCA AGGAAGAAAEY00aggyg
8 118 104,928-105,045 2,115 ttttttgcag '"GATACAAGAC CTGGATAGC#Gagcagcc
9 133 107,161-107,293 3,459 gottctgcag  'GGAGACGGGC GGCCATGgtg&yctccy
10 51 110,753-110,803 5,328 tccectgcag  'GTGTCGGCAC AAGGGAARTEagtgggt
11 146 116,132-116,277 2,140 ttgcccccag  'GTCAAGGAGA AGCCCAC@#ragtcagy
12 124 118,418-118,541 1,196 tgacttgcag 'CGGCCTGGAC GTTCGAC@tEgcgggc
13 115 119,738-119,852 1,894 ttttttccag 'CTTTACGTCC GCAGATTTgGagcggag
14¢ 185 121,747-121,931 137 tctcctgcag  'TCATGGAGGT GTTGAGAAgigatgcaaa
15 102 122,069-122,170 1,737 gtgtcctcag  'GACTCCTCGT GAGGGACHEaggctge
16 169 123,908-124,076 873 ctgtccccag 'GTCCTGACAC GTTCTGAGHFagtgaca
17 101 124,950-125,050 305 tatctcctag  'TTCCCCTGGA GCCCTTTCégtGtgttagc
18 159 125,356-125,514 2,885 ttgtttccag '"ATCATGTTCC GTCCCTGCgiGccagece
19 119 128,400-128,518 1,503 ccaactccag 'GTGGCCACTT CCTATGTCdt&gcgggcg
20 1081 130,022-131,102 — ttcctectag 'GTATGGGTTC TTCTTCCTAA

Note. The human ABCG1 gene spans 97,556 bp comprising 20 exons. The genomic intron sequences are in lowercase letters, while the
coding regions are in uppercase letters. Sequences of the exons of the ABCG1 gene have been published in the GenBank database under
Accession Nos. AF323639 to AF323658. Sequences of the predicted full-length ABCG1 transcripts encoded by the ABCG1 gene have been
published in the GenBank database under Accession Nos. AF323659 to AF323664.

® Derived from the Homo sapiens genomic DNA sequence of chromosome 21q section 90/105 (Accession No. AP001746).

® Alternative start points of transcription results in various starts of exon 1 (transcript A, shown above; transcript B, 107 bp, position
33,601-33,707; transcripts C and D, 38 bp, position 33,670-33,707 (most frequently found); transcript E, 29 bp, position 33,679-33,707).

¢ Alternative start points of transcription results in various starts of exon 5 (transcript G, shown above; transcript H, 33 bp, position

53,130-53,162; transcript I, 31 bp, position 53,132-53,162).

¢ Alternative splicing produces a variant of exon 14 with 149 bp (position 121,747 to 121,895).

total RNA from human monocyte-derived macrophages
treated with 22(R)-hydroxycholesterol and 9-cis reti-
noic acid. This transcript showed 100% identity with
the human ABCG1 mRNA database sequence (Acces-
sion Nos. NM_004915 and NM_016818) and confirmed
the published 3’-end of hABCG1 mRNA (data not
shown) (3, 9, 10, 13).

Signal Peptide Sequences

Several of the hABCG1 mRNA transcripts encode
proteins with possible cleavage sites near the amino
terminus. None of the predicted proteins contains a
signal peptide. In addition there are no target signals
in the amino acid sequence predictive for the subcellu-
lar localization of ABCG1. Using the PSORT I1 algo-
rithm, all putative ABC proteins were predicted to
have the highest probability of localization in the en-
doplasmic reticulum or the plasma membrane.

Genomic Structure of the Human ABCG1 Gene

We calculated that the human ABCGL1 gene spans 97
kb comprising 20 exons, 20 kb comprising 5 exons more
than currently published in public databases (Fig. 3).

The exon size was between 41 (exon 3) and 1081 bp
(exon 20) (our numbering, Table 2). The introns ranged in
size from 137 bp (intron 14) to more than 45,155 bp
(intron 7) (our numbering, Table 2). All exon—intron
boundaries displayed the canonical GT/AG sequence (34).
The 36 bp insert reported by Chen et al. was present in
the human ABCG1 mRNAs detected by us (9).

Location of Putative Regulatory Elements
in the 5’-Flanking Region

Figures 4 and 5 show the results of an analysis of
potentially regulatory elements (promoters A and B) im-
mediately upstream of exons 1 and 5 (our numbering),
respectively, using online programs as well as the tran-
scripts C, D, and E to identify the most common start site
of the hABCG1 transcript with its start sites in exon 1.
The region from the transcription start site of exon 1 to
—670 bp upstream has a G/C content of 39.6% and con-
tains two possible SP1 site (Fig. 4). In contrast to the
promoter region of ABCAL, the region upstream of exon 1
of ABCGL1 contains no putative sterol response elements.
Of note is the presence of two putative binding sites for
nuclear factor kB (NF-kB) at positions —40 and —90. No
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CREB SREBP spl
.. .gagtgcacacgatgccteactgccaggggtecaccccacaceggtgetgttgggggeg  -610
GR SPl

ttggagtggttatctcttctttagtectcaagetecctacctggecagagagctgecccaaca  -550

SP1 SREBP NF-kB

SP1 SP1l AP2 VDR/RXR
ccgtecggggtggggtgggecgggaagggaagaagcagcagcaagaaagaagececectggee  -490
MAZ SP1 GR SP1
ctcactctccecctecectggacgecccecetettcgacceccatcacacagecgettgaggettg  -410
NF-KB
C/EBPB GR
gaggcagtggatttccgagectgggaaccecggegtetgtecggtgtececegeagecteca  -350
SP1l NF-KB
MAZ NF-xB-like
cccgtgetggeccageccecgecgagttegggaccecggggttteccggggtggecagggggtt -290
SP1l GCF
cccatgecgectgegaggectecggetegggecgetecccggaacctgecacttcaggggtee -230
GCF
APl SP1l

SPl1 SP1 SP1l APl

tggtccgecegececccagecaggagcaaaacaagagcacgegeacctgecggeecegeeccgee —-170
SpPl
CCAAT/NFY MAZ GCF sp1
cccttggtgecggeccaatecgegegeteggggeggggtecgggegegetggaaccagagecyg -110
SP1l
gagccggatcccagecggageccaagegcagececgeacccegaegecageggctgageegygyg -50
RXRx
SPl SPl

GCF GCF AP4 T3R3 SP1 —

agccagcgcagectecggecccgeagetcaagectegtceccececgeecgeecgeeGCCGCCGCCG +10
e ArgArgAr exon 5

CCGCCGCCGCCCCCGGGGCATGGCCTGTCTGATGGCCGCTTTCTCGGTCGGCACCGCCAT +70
gArgArgArgProArgGlyMetAlaCysLeuMetAlaAlaPheServValGlyThrAlaMe
Ggtgagtgagcgcatce...intron 5...tcctectggtttttctaghRATGCCAGCAGT +83
r... ...AsnAlaSerSer
TACTCTGCAGAGATGACGGAGCCCAAGTCGGTGTGTGTCTCGGTGGATGAGGTGGTGTCC +143  exon 7
TyrSerAlaGluMetThrGluProLysSerValCysValSerValAspGluValvValSer
AGCAACATGGAGGCCActgagacggacctget...intron 7... +159

SerAsnMetGluAla. ..

FIG. 5. Chromosomal nucleotide sequence of the 5'-flanking region of the human ABCG1 gene upstream of exon 5 (promoter B). The
amino acid residues encoded by the first two exons of transcripts G to | are indicated below the appropriate codons with the start of the
encoded protein sequences underlined. Numbers to the right are relative to the transcription start site, which is indicated by an arrow. The
genomic intron sequences are in lower case letters, while the coding regions are shown in upper case. Sequences similar to consensus
sequences for transcription factors are underlined. Further explanations are given in the text.

binding sites for the RXR were predicted within the 650
bp upstream of the transcription start. Nevertheless, a
PPAR/RXR heterodimer binding site was predicted in the
next 1000 bp immediately upstream of the region shown
in Fig. 4 (data not shown). The region from the transcrip-
tion start site of exon 5 to —650 bp upstream has a G/C
content of 71.1% and contains no fewer than 19 possible

SP1 binding sites (Fig. 5), which are often found in core
promoters of TATA box-less gene (35). One possible sterol
response element is present at position —540 and two
possible NF-«kB binding sites at positions —290 and
—535. In contrast to promoter A, this promoter contains
two putative RXR binding sites, one at position —20 and
one at position —494.
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FIG. 6. Expression of hABCGL1 transcripts in THP-1 macrophages. THP-1 cells were incubated for 48 h with 0.2 mM phorbol 12-myristate
13-acetate to induce their differentiation into macrophages. On day 3 a portion of the cells was treated for 24 h with 10 uM 22(R)-
hydroxycholesterol (22(R)-HC) and 10 M 9-cis retinoic acid (9-cRA). Real-time RT-PCR specific for human ABCGL1 transcripts starting from
promoter A and B and for human 18S rRNA, which was used for normalization, was performed with 50 ng reverse transcribed total RNA from
each sample. (A) Promoter-specific RT-PCRs of human ABCG1 transcripts. Agarose gel analysis of real-time RT-PCR products after 50 PCR
cycles: promoter A-specific mMRNA (top), promoter B-specific mMRNA (middle), and 18S rRNA (bottom). Expression of both human ABCG1
transcripts is increased by stimulation with 22(R)-hydroxycholesterol and 9-cis retinoic acid. No change in expression was observed for 18S
rRNA during stimulation. (B) Relative expression of specific hABCGL1 transcripts measured by real-time RT-PCR. The expression of both
promoter A-specific and promoter B-specific transcripts of human ABCGL is significantly increased (10.1 * 4.9)-fold and (13.4 = 4.3)-fold,
respectively, by incubation with 22(R)-hydroxycholesterol and 9-cis retinoic acid.

Differential Expression of hABCG1 mRNAs

To investigate the activity of the two putative pro-
moter regions, mMRNA levels of the relevant transcripts
were quantified by reverse transcription PCR. For the
investigation of promoter A, primers (Table 1) were
chosen which hybridize within the first and the second
exon (our numbering) as shown in Fig. 1. Promoter B
was investigated using primers which anneal to exon 5
and exon 7 (Fig. 1). In both cases, promoter activity
was stimulated by addition of 10 uM 9-cis retinoic acid
and 10 uM 22(R)-hydroxycholesterol to the culture me-
dium of the cells. As shown in Fig. 6, activity of both
promoters was stimulated approximately 10-fold by
these substances.

DISCUSSION

The major novel finding of the present report is the
discovery of several novel transcripts of the human
ABCG1 gene in human macrophages. These were en-
coded by 5 novel exons, 4 upstream and one immedi-
ately downstream of the exon which was previously
termed exon 1. These exons are predicted to encode at
least five novel transcripts from the hABCG1 gene,
which are due to different transcription start points
and variant splicing of mRNA. In addition, we found
evidence for two separate promoters for this gene, both
of which appear to respond to stimulation by hydroxy-
cholesterol and retinoic acid. The latter finding is of
interest in view of the fact that only the putative pro-
moter B contains putative binding sites for the RXR

(Fig. 5). The finding of two promoters initiating sepa-
rate transcripts starting with different exons from the
same gene is also somewhat unusual; in most genes
that have alternative transcripts these are produced by
differential splicing within the gene (36).

Our data indicate the presence of a CC(CCG)-
CCCCCGGGGC sequence extending upstream of the
5’-end of exon 5 (our terminology). GC-rich sequences
and in particular CCG repeats are known to form sta-
ble secondary structures (37). Moreover, the mouse
ABCG1 mRNA extends 91 bp further 5’ than the hu-
man ABCG1 mRNA and these 91 bp show more than
30% homology with the human genomic (promoter)
ABCG1 sequence upstream of exon 5 (our numbering).
It is therefore possible that the RACE-PCR or reverse
transcription may not have been able to pass through
this region and that hABCG1 transcripts containing
exon 5 may be longer than we report here.

Very recent studies have highlighted the surprising
and central role of members of the ABC gene family in
cellular cholesterol regulation (13). Most of these ef-
forts have focussed on the ABCA1 gene, a defect of
which is known to cause the recessively inherited con-
dition known as Tangier disease (17—20) which in the
homozygous state is characterized by cholesterol accu-
mulation in the cells of the reticuloendothelial system,
virtually complete absence of circulating high density
lipoprotein and, possibly, premature atherosclerosis
(38). In addition, a recent paper showed that ABCA1 is
involved in absorption of cholesterol from the gut, and
thus in regulation of whole-body cholesterol balance in
humans (15, 16).
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It is now becoming clear, however, that other mem-
bers of the ABC family are also intimately involved in
cellular lipid metabolism. Among these the hABCG1
gene is very important. In studies of differential gene
expression, the ABCG1 gene showed the highest level
of upregulation in response to cholesterol loading of
human macrophages (Cullen et al., unpublished obser-
vations). Transcription of both the ABCA1 and ABCGL1
genes has been shown to be increased by stimulation of
the LXR/RXR pathway (14) and was confirmed for
transcripts regulated by both putative promoters A
and B of the ABCGL1 gene in the present report. Both
promoters, but in particular the promoter upstream of
exon 5, contain potential SP1 sites, and both contained
putative NF-«B binding sites, while the promoter up-
stream of exon 5, but not that upstream of exon 1,
contained potential RXR and sterol response element
binding protein (SREBP) binding sites. Both SP1 and
NF-k B have been shown to be involved in the coacti-
vation of transcription of genes involved in cholesterol
metabolism such as the low density lipoprotein recep-
tor, hydroxymethylglutaryl coenzyme A (HMG-CoA)
reductase, HMG-CoA synthase and farnesyl pyrophos-
phate synthase (39), while SREBP speaks for itself.
The role of the RXR receptor in the regulation of many
lipid-related genes including ABCAL has already been
alluded to (15, 16). Thus, both promoters of hAABCG1
contain binding sites which support a possible involve-
ment of this protein in lipid metabolism (40).

Our findings suggest a hitherto unsuspected degree
of complexity in the regulation of the hABCG1 gene.
Further studies will be required to elucidate the phys-
iological function of the gene at each of these sites and
to clarify the role of the two putative promoters in
regulating gene activity. Because of the central role of
cholesterol metabolism in atherosclerosis, the ABCG1
gene may also prove to be a useful target for anti-
atherogenic therapies. A detailed understanding of the
regulation of this gene is an important step in the
design of such therapies.
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