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Abstract Humanized mouse models are useful tools to ex-
plore the functional and regulatory differences between hu-
man and murine orthologous genes. We have combined a
bioinformatics approach and an in vivo approach to assess
the functional and regulatory differences between the hu-
man and mouse ABCA1 genes. Computational analysis iden-
tified significant differences in potential regulatory sites be-
tween the human and mouse genes. The effect of these
differences was assessed in vivo, using a bacterial artificial
chromosome transgenic humanized ABCA1 mouse model
that expresses the human gene in the absence of mouse
ABCA1. Humanized mice expressed human ABCA1 protein
at levels similar to wild-type mice and fully compensated for
cholesterol efflux activity and lipid levels seen in ABCA1-
deficient mice. Liver X receptor agonist administration re-
sulted in significant increases in HDL values associated with
parallel increases in the hepatic ABCA1 protein and mRNA
levels in the humanized ABCA1 mice, as seen in the wild-
type animals.  Our studies indicate that despite differ-
ences in potential regulatory regions, the human ABCA1
gene is able to functionally fully compensate for the mouse
gene. Our humanized ABCA1 mice can serve as a useful
model system for functional analysis of the human ABCA1
gene in vivo and can be used for the generation of potential
new therapeutics that target HDL metabolism.

 

—Coutinho,
J. M., R. R. Singaraja, M. Kang, D. J. Arenillas, L. N. Ber-
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The majority of mammalian cells are unable to metabo-
lize cholesterol and rely on the reverse cholesterol trans-

 

port (RCT) pathway to remove excess cellular cholesterol.
RCT encompasses the efflux of cholesterol from the
plasma membrane to HDL particles, which deliver the
cholesterol to the liver, where it is secreted into the bile or
used for bile acid synthesis. Alternatively, the liver can res-
ecrete cholesterol to the body in the form of VLDL or
store it for later use (1).

A significant advance in understanding HDL metabo-
lism was achieved after the discovery that mutations in the
ABCA1 gene are the cause of Tangier disease, a disorder
that is characterized by a near absence of plasma high
density lipoprotein cholesterol (HDL-C), the accumula-
tion of cholesteryl esters, and an increased incidence of
cardiovascular disease (2–5). ABCA1 plays an important
role in the initiation of the RCT pathway by effluxing cel-
lular cholesterol onto nascent HDL particles (6–8). In ad-
dition, ABCA1 has been implicated in several other bio-
logical processes, including apoptosis (9), inflammation
(10), and the secretion of cytokines (11).

Studies in both humans and mice have shown that
ABCA1 is expressed ubiquitously (12, 13). Important
functional sites of expression appear to be the liver and
macrophages (14). Overexpression of ABCA1 in the liver
results in an increase in plasma HDL-C levels, indicating
that liver ABCA1 is a significant contributor to plasma
HDL-C levels (15, 16). This hypothesis was recently vali-
dated by the finding that targeted disruption of ABCA1 in
the mouse liver results in a severe reduction in HDL-C lev-
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els (17). In contrast, the contribution of macrophage ABCA1
to plasma HDL-C levels is low (18). Instead, ABCA1 activ-
ity in macrophages can contribute significantly to the sus-
ceptibility to atherosclerosis (10, 19).

Important insights into the function of ABCA1 in HDL
metabolism have been derived from mouse studies (15,
16, 19–26). However, it is uncertain whether results ob-
tained in mice can be translated directly to humans. Hu-
mans and mice differ considerably in many aspects of lipo-
protein metabolism. Mice rely mostly on HDL to transport
cholesterol, whereas in humans this is predominantly
carried out by apolipoprotein B (apoB)-containing lipo-
proteins. Furthermore, mice lack the cholesteryl ester
transfer protein (CETP), which promotes the exchange of
cholesterol and triglycerides between lipoprotein classes
and is an important enzyme in human HDL metabolism
(27). Finally, even though there is a high level of sequence
conservation between the human and mouse ABCA1 pro-
teins (

 

�

 

90%), this does not exclude the possibility that
there are important regulatory differences between these
genes (28, 29).

Humanized mouse models are a useful tool to explore
the functional and regulatory differences between human
and mouse orthologous genes. The value of these models,
in which the mouse gene is replaced by the human gene,
lies predominantly in the possibility of expressing the hu-
man gene of interest under the control of its endogenous
promoter. Studies using this technique have revealed im-
portant differences between human-mouse orthologous
gene pairs. One study found that mice humanized for per-
oxisome proliferator-activated receptor 

 

�

 

 (PPAR

 

�

 

), un-
like wild-type mice, are resistant to the development of
PPAR

 

�

 

 agonist-induced liver cancer (30). This was attrib-
utable to the fact that, in contrast to mice, human PPAR

 

�

 

does not activate genes involved in hepatocellular prolif-
eration, which is surprising considering the high level of
sequence conservation between the human and mouse
PPAR

 

�

 

 proteins (92%). Similarly, mice that are human-
ized for the Friedreich ataxia gene have a considerably dif-
ferent expression pattern than mice carrying the wild-type
gene, with the human gene being expressed at much
higher levels in the brain, liver, and skeletal muscle, indi-
cating a regulatory variation between the human and
mouse genes (31). A study comparing expression profiles
of a large number of orthologous gene pairs recently con-
firmed that differences in gene expression are abundant
between human and mouse (28). Finally, by using a hu-
manized mouse model, Chen et al. (32) showed that the
human cholesterol 7

 

�

 

-hydroxylase (CYP7A1) gene is un-
responsive to liver X receptor (LXR) regulation. This was
attributable to a missing LXR/retinoid X receptor (RXR)
binding site in the promoter of the human CYP7A1 gene,
which is present in the mouse gene.

In the present study, we have used a combined bioinfor-
matics and in vivo approach to explore the regulatory and
functional differences between the human and mouse
ABCA1 genes. First, we performed a computational analy-
sis of the regulatory regions of the human and mouse
genes to search for potential differences in transcription

factor binding sites (TFBSs). Next, we generated a hu-
manized ABCA1 mouse model that expresses endoge-
nously regulated human ABCA1 on a mouse ABCA1-defi-
cient (ABCA1

 

�

 

/

 

�

 

) background. We determined whether
the human gene was able to rescue the phenotype of the
ABCA1

 

�

 

/

 

�

 

 mice and elucidated any differences in the
level of expression, function, or regulation of ABCA1 be-
tween the humanized and wild-type control mice.

METHODS

 

Phylogenetic footprinting

 

The ABCA1 gene was analyzed to delineate segments of po-
tential regulatory importance within or adjacent to the gene.
The genomic sequences for both the human and mouse genes
were obtained from the University of California Santa Cruz
(UCSC) Genome Browser (33) (http://www.genome.ucsc.edu/),
using human assembly 34 (July 2003) and mouse assembly 32
(October 2003). Sequences corresponding to 25,123 bp upstream
of the annotated first exon were retrieved, corresponding to hu-
man chromosome 9 positions 103,030,000 to 103,095,397 and
mouse chromosome 4 positions 52,812,000 to 52,861,230. The
sequences were aligned using the ORCA progressive global se-
quence alignment program (34). Phylogenetic footprint plots
were generated corresponding to 100 bp windows of the human
sequence. Each window displays the percentage of human nucle-
otides aligned to identical nucleotides in the mouse sequence.

 

Regulatory potential scores

 

Regulatory potential scores (35) were obtained from the UCSC
Genome Browser. These scores reflect the likelihood that a con-
served segment contributes to the regulation of gene transcrip-
tion. In short, it identifies blocks of identical nucleotides sepa-
rated by blocks of variant nucleotides within an alignment under
the expectation that regions containing TFBSs will exhibit such a
punctate pattern of nucleotide identity.

 

TFBS prediction

 

TFBSs were predicted using the JASPAR database (www.cisreg.ca)
of transcription factor binding profiles according to the proto-
cols described by Lenhard et al. (36). Weight matrix thresholds
of 80% were applied to the predictions. Conservation filtering
restrained predictions to regions of 75% nucleotide identity be-
tween human and mouse.

 

LXR binding site prediction

 

The nuclear receptor LXR has been documented to bind
preferentially to direct repeats of nuclear receptor half-sites sepa-
rated by four nucleotides, termed DR4 elements (37). Candidate
DR4 sites were predicted using the NHRscan web service (38)
(www.cisreg.ca).

 

Generation of humanized ABCA1 mice

 

Bacterial artificial chromosomes (BACs) containing the ABCA1
gene were identified by screening high-density BAC grid filters
from a human BAC library (RPC-11). BAC RP11-32H03 was se-
lected, and BAC transgenic mice were generated on a C57BL/
6xCBA background as described previously (20). The 5

 

�

 

 end of
BAC 32H03 is at position 

 

�

 

25,122 from the start of exon 1, and
the 3

 

�

 

 end is at position 

 

�

 

4,132 from the end of exon 50 (

 

Fig. 1

 

).
Transgenic mice heterozygous for the human ABCA1 gene and
backcrossed to C57BL/6J(N5) were crossed to ABCA1

 

�

 

/

 

�

 

 mice
on a pure DBA background. The resulting BAC

 

�

 

 ABCA1

 

�

 

/

 

�

 

mice were backcrossed to create BAC

 

�

 

 ABCA1

 

�

 

/

 

�

 

 mice, thus gen-
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erating humanized ABCA1 mice on a mouse ABCA1

 

�

 

/

 

�

 

 back-
ground.

 

Southern blotting

 

DNA from transgenic mice and human control DNA were iso-
lated using Qiagen DNeasy spin columns and digested with 

 

Eco

 

RI
(New England Biolabs). Quantities of 2.5, 5.0, 7.5, and 10.0 

 

�

 

g of
DNA were digested and separated on a 0.8% agarose gel. The gel
was transferred to a Hybond N

 

�

 

 membrane (Amersham), and the
blots were prehybridized at 42

 

�

 

C for 4.5 h in 1% BSA, 1% Ficoll,
250 mM Tris-HCl (pH 7.5), 0.5% sodium pyrophosphate, 5%
SDS, 1% polyvinylpyrrolidone, 50% formamide, and 10% dex-
tran sulfate. An 

 

�

 

4 kb Kpn fragment of a cDNA construct of
ABCA1 was used as a probe for the Southern blot. The probe was
labeled with [

 

32

 

P]dCTP using the Rediprime II DNA labeling kit
(Amersham) and subsequently purified using NICK columns
(Amersham). The purified probe was boiled and added to blots
to hybridize overnight at 42

 

�

 

C. Blots were then washed twice in
2

 

�

 

 SSC/0.1% SDS for 30 min at room temperature followed by
four 30 min washes in 0.1

 

�

 

 SSC/0.1% SDS. The blot was ex-
posed to film at 

 

�

 

70

 

�

 

C overnight.

 

Fluorescent in situ hybridization

 

Splenocytes were extracted from spleens of humanized and
wild-type mice. Cells were cultured for 72 h at 37

 

�

 

C in RPMI 1640
medium supplemented with 10% fetal bovine serum and mito-
genic lipopolysaccharide (final concentration, 20 

 

�

 

g/ml). Cul-
tures were exposed for 15 min to Colcemid (final concentration,
0.05 

 

�

 

g/ml) and harvested according to standard cytogenetic
protocol, using hypotonic 0.075 M KCl and Carnoy’s fixative.
Metaphase preparations were made by dropping the fixed cell
suspension onto precleaned slides in a Thermotron, and these
were aged overnight at 55

 

�

 

C before G-banding using 2% trypsin
followed by staining with Leishmann/Giemsa stain. At least 10
metaphase spreads for each sample were imaged using bright-
field microscopy, and the coordinates of these were recorded
for metaphase relocation after fluorescent in situ hybridization
(FISH). Before FISH was performed, slides were destained with
Carnoy’s fixative, rehydrated with an ethanol series, pretreated
with 2

 

�

 

 SSC at 37

 

�

 

C, then postfixed with 1% formaldehyde/
PBS/MgCl

 

2

 

 and washed in PBS. Metaphases were denatured for

 

�

 

30 s in 70% formamide/SSC at 70

 

�

 

C and dehydrated with etha-
nol. Genomic DNA was isolated from BAC clones and labeled
with Spectrum green (green; RP23-161K8, AC111090; mouse
chromosome 5 control probe) and digoxigenin (red; RP11-
32H03; transgene). Probes were denatured for 5 min at 75

 

�

 

C and
hybridized to slides overnight at 37

 

�

 

C. After hybridization, slides

were washed and incubated with detection solution for 30 min at
37

 

�

 

C, rinsed, and stained with 4

 

�

 

,6-diamino-phenylindole. Previ-
ously imaged G-banded metaphases were relocated, examined
using fluorescence microscopy, and reimaged.

 

Lipid and HDL subparticle analysis

 

Plasma and lipoprotein lipid concentrations were determined
as described previously (21). Apolipoprotein levels were mea-
sured by immunonephelometry using mouse polyclonal antibod-
ies. Pre

 

	

 

- and 

 

�

 

-HDL were separated by a double immunoelec-
trophoresis technique according to their mobility. The first
separation was achieved by running 4 

 

�

 

l of each plasma sample
on an agarose gel (1%, w/v) for 2 h at 500 V. The second one was
obtained by migration of each lane including the separated pro-
teins on a 1% (w/v) agarose gel containing mouse anti-apoA-I
immunoserum for 3 h at 50 V. Finally, the gel was washed, dried,
and stained with Coomassie blue R250 (0.5%, w/v). The peaks
corresponding to the HDL fractions were quantified by scanning
(Scan Wise 1.2). The results are expressed in percentage of
apoA-I contained in each HDL subfraction.

 

Protein analysis

 

Protein levels were determined by Western blotting. Tissue ly-
sates were prepared as described previously (20). Thioglycollate-
elicited peritoneal macrophages were incubated overnight in
DMEM containing 10% FBS and 

 

l

 

-glutamine and harvested the
next day for Western immunoblotting, as described previously
(20). Forty to 80 

 

�

 

g of protein, as determined by Lowry assay
(39), was separated on a 7.5% polyacrylamide gel and trans-
ferred overnight to a polyvinylidene difluoride membrane (Milli-
pore). Membranes were probed with the PEP4 polyclonal rabbit
antibody for detection of ABCA1 and anti-glyceraldehyde phos-
phate dehydrogenase (Chemicon) as a loading control.

 

Cholesterol efflux assay

 

Mouse peritoneal macrophages were isolated 3 days after in-
jection with 3% thioglycollate as described previously (20). Cells
were loaded for 24 h with 1 

 

�

 

Ci/ml [

 

3

 

H]cholesterol (Perkin-
Elmer) and subsequently allowed to efflux for 24 h in DMEM
containing 0.2% defatted BSA (Sigma) in the presence or ab-
sence of 10 

 

�

 

g/ml apoA-I (Calbiochem). Cholesterol efflux was
calculated as the total counts in the media divided by the sum of
the counts in the media and cells.

 

LXR agonist feeding experiment

 

Mice were orally fed a LXR agonist (T-0901317; Sigma) for 5
days at a dose of 10 mg/kg/day. The LXR agonist was dissolved

Fig. 1. Scheme of bacterial artificial chromosome (BAC) 32H03. BAC 32H03 was used to generate the hu-
manized ABCA1 mice. The BAC starts 25,122 bp upstream of exon 1 and ends 4,132 bp downstream of exon
50, thus containing the complete genomic sequence of the human ABCA1 gene, including the promoter
and the 3� untranslated region.
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in DMSO at a concentration of 50 mg/ml. Before use, the LXR
agonist was diluted 1:1 in Chremophor (Sigma) and then 1:10 in
5% mannitol-water. On the morning of the 6th day, blood was
collected by saphenous vein bleed. Plasma lipids were analyzed
using commercial kits (Sigma). Primary hepatocytes were iso-
lated as described previously (40). Cells were seeded at a density
of 500,000 cells/well on a six-well plate. The next day, cells were
treated for 24 h with T-0901317. Cell lysates were prepared and
Western blotting was performed as described above.

 

Gene expression analysis of human ABCA1

 

Total murine RNA from liver was extracted using the RNeasy
Mini Kit (Qiagen, Mississauga, Ontario, Canada) according to
the manufacturer’s instructions. Reverse transcription on 5 

 

�

 

g of
the isolated RNA was carried out using the SuperScript First-
Strand Synthesis System for RT-PCR (Invitrogen Life Technolo-
gies, Carlsbad, CA) according to the manufacturer’s instructions.
A multiplex PCR of 18S and human ABCA1 cDNA was carried
out using the following primers: Ex3F (hABCA1), CAAACATGT-
CAGCTGTTACTGGAAG; and Ex4R (hABCA1), GAGCCTCCC-
CAGGAGTCG. 18S primers were purchased commercially (Am-
bion, Inc., Austin, TX). A cycling condition of 94

 

�

 

C for 30 s, 60

 

�

 

C
for 45 s, and 72

 

�

 

C for 1 min was used. A total of 30 PCR cycles

were carried out. Images were captured on a Gel Doc 1000 sys-
tem (Bio-Rad, Hercules, CA) and analyzed using quantitation
software (Bio-Rad Quantity One). Values of human ABCA1 are
ratios with the corresponding 18S bands.

 

Statistical analysis

 

All statistical analyses were performed using the unpaired two-
tailed Student’s 

 

t

 

-test.

 

RESULTS

 

Computational analysis of the human and mouse
ABCA1 genes

 

In an effort to delineate potential 

 

cis

 

-regulatory seg-
ments in the ABCA1 gene, a comprehensive bioinformat-
ics analysis was performed. Using methods aimed to im-
prove the specificity of predictions (41), the analysis coupled
phylogenetic footprinting with profile-based searches for
TFBS. Preliminary analyses, in which the entire gene in-
cluding 50 kb upstream of exon 1 was screened, indicated

Fig. 2. Gene regulation bioinformatics analysis. The human and mouse ABCA1 gene sequences were analyzed to define candidate regula-
tory regions. The displayed segment of the ABCA1 gene corresponds to human chromosome 9 positions 103,030,000 to 103,095,397 (assem-
bly version 34, July 2003), which starts 25 kb upstream of the first exon and ends 12 kb downstream of exon 3. A: Graphic display of exon po-
sitions (black boxes) and a CpG island surrounding exon 1 (white box). B: Phylogenetic footprint depicts the percentage of human
nucleotides identical to mouse nucleotides in a sliding 100 bp window drawn across a global sequence alignment. A threshold line is dis-
played at 75% identical nucleotides. Arrows indicate the conservation peaks of the exons, and the conservation peak of the known ABCA1
promoter is indicated by a number sign. C: Three-way regulatory potential scores suggesting the presence of clusters of transcription factor
binding sites conserved between human, mouse, and rat ABCA1 sequences. The arrowhead indicates the regulatory potential peak of the
known ABCA1 promoter, and the plus sign marks the position of a regulatory potential peak in intron 1 with no known regulatory function.
D: Candidate liver X receptor (LXR) binding sites present in the human (top) and mouse (bottom) sequences. Each vertical line marks one
LXR site. The magnitude of the lines indicates the log of the posterior probability of nuclear receptor binding reported by the NHRscan
software. The arrows denote putative binding sites conserved between the human and mouse sequences, and the asterisks mark the LXR
binding sites reported previously (19, 43).
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that the most interesting features were restricted to the
upstream region and the first and second introns (data
not shown). Therefore, in subsequent analyses, only these
regions were examined (

 

Fig. 2A

 

). Substantial segments of
similarity were observed between the human and mouse
sequences, with the greatest identity observed in the 3

 

�

 

half of the first intron and the regions immediately adja-
cent to the first exon (Fig. 2B). These patterns suggest
that ABCA1 transcriptional regulation is significantly in-
fluenced by these segments, a prediction that is supported
by in vitro findings and in transgenic mice (20, 42). San-
tamarina-Fojo et al. (42) found that the region immediately
upstream of exon 1 regulates ABCA1 expression in a cAMP-
and cholesterol-dependent manner. Furthermore, Singa-
raja et al. (20) showed that intron 1 of the human ABCA1
gene contains a functional promoter that regulates the ex-
pression of three alternative ABCA1 transcripts.

Correspondingly, a bioinformatics technique based on
the analysis of patterns of nucleotide identity between orthol-
ogous sequences delineates two potential 

 

cis

 

-regulatory mod-
ules flanking the first exon (Fig. 2C). The first, situated di-
rectly upstream of exon 1, localizes to a region that has
previously been identified as the ABCA1 promoter (42).
The second module, the highest scoring in the ABCA1
gene, is located at the beginning of intron 1. No regula-
tory function has been reported in this region of intron 1.
However, previous studies have identified an alternative
promoter in intron 1, located closer to exon 2 (20, 26).

Phylogenetic footprinting, in combination with profiles
for the prediction of TFBSs, has proven to be an effective
method to delineate functional binding sites (43). Predicted
TFBSs in conserved regions were abundant, but only 

 

�

 

20%
of the candidate TFBSs within these regions were conserved
between human and mouse (

 

Table 1

 

). The substantial num-
ber of species-specific TFBSs in conserved regions may be
indicative of differences in the regulation of the human and
mouse genes (43).

Based on the divergent composition of TFBSs in human
and mouse, we analyzed the distribution of binding sites
for LXR, a nuclear receptor previously demonstrated to reg-
ulate ABCA1 (44) (Fig. 2D). Of the predicted LXR bind-
ing sites, only three were conserved between human and
mouse (marked by arrows). Two of these sites (marked by
asterisks) have been described previously, and both were

shown to have functional activity (20, 44). The third site,
however, has not been described. Strikingly, the human
gene sequence contained an additional 23 putative LXR
binding sites, whereas the mouse sequence contained only
3 additional sites. Given the important role of LXR in reg-
ulating the expression of the ABCA1 gene, this difference
in LXR binding sites could indicate significantly different
regulation of the human and mouse genes. The genomic
coordinates of all LXR sites are available at http://www.
cisreg.ca/genes/ABCA1.

 

Generation of humanized ABCA1 mice

 

A humanized ABCA1 mouse model was generated to as-
sess the regulatory and functional differences between hu-
man and mouse ABCA1 in vivo. ABCA1 BAC transgenic
mice were bred onto an ABCA1

 

�

 

/

 

�

 

 background to create
a fully humanized ABCA1 mouse model in which human
ABCA1 is expressed under the control of its endogenous
human promoter. The copy number of the human ABCA1
gene was assessed by Southern blotting. Equal concentra-
tions of transgenic and human control DNA resulted in
similar signal strength, indicating that both are likely to
have the same ABCA1 gene copy number (

 

Fig. 3

 

).
To determine the exact chromosomal integration site,

analysis using sequential G-banding to FISH was per-
formed. The human ABCA1 BAC was labeled with digoxi-
genin (red signal), and a control probe for mouse chro-
mosome 5 was labeled with Spectrum green (green signal).
All metaphases analyzed from the humanized mice showed
one chromosome 5 to have both red and green signals,
whereas its homolog had only green signal (

 

Fig. 4A

 

).
Comparison of the sequential G-banded and FISH images

 

TABLE 1. Candidate TFBSs in human and mouse ABCA1 genes

 

Species Total TFBSs

TFBSs in
Conserved

Regions

TFBSs in Conserved
Regions Present in
Human and Mouse

Species-Specific
TFBSs in

Conserved Regions

 

Human 17,820 931 178 753
Mouse 11,264 832 178 654

Transcription factor binding sites (TFBSs) were predicted (using
the JASPAR database) in human and mouse ABCA1 genes. The specific
TFBSs are reported on the ABCA1 regulatory analysis web page (http://
www.cisreg.ca/genes/ABCA1). A total of 17,820 and 11,264 TFBSs
were predicted in the human and mouse sequences, respectively. After
selecting for TFBSs located in conserved regions, 931 and 832 TFBSs
remained. Of these, 178 were present in both the human and mouse
sequences. A total of 753 human TFBSs (

 

�

 

80% of sites in conserved re-
gions) were not found in the mouse sequence.

Fig. 3. Southern blotting suggests that humanized mice carry two
copies of the human ABCA1 gene. Southern blotting was per-
formed to determine the copy number of the human ABCA1 trans-
gene. Various concentrations of DNA from the humanized ABCA1
mice and human control DNA were compared. DNA from the hu-
manized mice and the control DNA show similar ABCA1 band in-
tensity as determined by densitometric scanning, thus indicating
that both have the same copy number.
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of the same metaphases enabled the location of the inser-
tion site to be mapped to chromosome 5qA3/B1. Further-
more, the humanized mice showed only one human BAC
signal, indicating that the BAC integration had occurred
at a single site. Wild-type mice, used as a control, showed
no human ABCA1 signal (Fig. 4B).

 

Humanized mice express ABCA1 protein at normal levels

 

ABCA1 protein levels were determined in four tissues
that normally express high levels of ABCA1: liver, macro-
phages, spleen, and testis (12) (

 

Fig. 5

 

). No ABCA1 pro-
tein was detected in the ABCA1

 

�

 

/

 

�

 

 mice. Slightly lower
levels of ABCA1 expression were seen in humanized mice
in liver, spleen, and macrophages, with slightly higher lev-
els in testis, but these did not reach statistical significance,
indicating that the expression of ABCA1 in these tissues is
similar in human and mouse.

 

Human ABCA1 rescues functional defects of
ABCA1

 

�

 

/

 

�

 

 mice

 

We analyzed plasma and lipoprotein lipid phenotypes
and measured cholesterol efflux in primary macrophages
to determine whether the humanized mice show functional
rescue of mouse ABCA1 deficiency. ABCA1

 

�

 

/

 

�

 

 mice show

a severe reduction in HDL-C and HDL-associated apolipo-
proteins (apoA-I, apoA-II, and apoE), whereas non-HDL-C
and apoB levels are not affected (

 

Table 2

 

). In contrast, hu-
manized mice show a complete restoration of all affected
lipid values, and no difference between wild-type and hu-
manized mice was observed. The HDL fraction was fur-
ther analyzed by determining the HDL subparticle ratio
(

 

Fig. 6

 

). This showed that wild-type and humanized mice
have identical ratios of pre

 

	

 

- and 

 

�

 

-HDL, 5% and 95%, re-
spectively. HDL-C levels in the ABCA1

 

�

 

/

 

�

 

 mice were too
low to determine the HDL subparticle ratio. Next, choles-
terol efflux was determined from primary macrophages
(

 

Fig. 7

 

). No differences were observed between the efflux
values of humanized and wild-type mice, whereas both
had increased levels compared with ABCA1

 

�

 

/

 

�

 

 mice (

 

P

 

 

 




 

0.002). These results indicate that human ABCA1 is func-
tionally able to compensate for mouse ABCA1.

 

LXR stimulation results in a similar ABCA1 protein and 
HDL-C increase in humanized and wild-type mice

 

LXR plays a major role in the expression of the ABCA1
gene (44). Our computational analysis of the ABCA1 pro-
moter shows that there are considerably more putative

Fig. 4.  Fluorescent in situ hybridization (FISH) analysis shows single-site integration of the human ABCA1
BAC at chromosome 5. Splenocytes were isolated from humanized and wild-type mice and probed for chro-
mosome 5 (green signal) and the human ABCA1 BAC (red signal). A: Humanized mouse. The human
ABCA1 BAC was detected only at one location in the humanized mice (arrow), indicating that the BAC inte-
gration had occurred at a single site. Furthermore, the BAC signal colocalizes with the green signal of the
control probe for chromosome 5 (asterisks), showing that BAC has integrated into this chromosome. G-
banding showed the integration site to be chromosome 5qA3/B1. B: Wild-type mouse. As a control, FISH
was also performed on wild-type mice. The green signal from the chromosome 5 control probe was visual-
ized on both homologs (asterisks), and no signal from the human ABCA1 probe was detected.

Fig. 5. Humanized mice express ABCA1 protein at normal levels. ABCA1 protein levels were determined
by Western blotting in macrophage, liver, spleen, and testis (top panel). No ABCA1 protein was detected in
the ABCA1�/� mice. Humanized ABCA1 mice show ABCA1 expression levels that are similar to wild-type lev-
els. As a loading control, GAPDH protein levels were determined (bottom panel). Hum mouse, humanized
ABCA1 mouse; KO, ABCA1�/� mouse; WT, wild-type mouse.
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LXR binding sites in the human gene than in the mouse
gene, which could indicate a difference in LXR regula-
tion. To assess this possibility in vivo, ABCA1

 

�

 

/

 

�

 

, wild-type,
and humanized mice were treated with the LXR agonist
T-0901317, a known activator of ABCA1 transcription.
Short-term treatment with this compound has been shown
to lead to an increase in ABCA1 protein and HDL-C levels
(45). As expected, ABCA1

 

�

 

/

 

�

 

 mice showed no increase in
HDL-C levels after feeding (

 

Fig. 8A

 

). Both wild-type and
humanized mice, however, responded to the LXR agonist
with a similar increase in HDL-C (25 and 31 mg/dl, re-
spectively; 

 

P

 

 

 




 

 0.001 for ABCA1

 

�

 

/

 

�

 

 vs. wild-type or hu-
manized mice; 

 

P

 

 

 

�

 

 0.05 for wild-type vs. humanized mice).
The effect of LXR regulation on ABCA1 protein levels was
assessed by treating primary hepatocytes with the LXR ag-
onist. Hepatocytes from both wild-type and humanized
mice showed a similar increase in ABCA1 protein after
LXR stimulation (Fig. 8B). It has been shown that this in-
crease in protein levels (

 

�

 

2.2-fold) in wild-type mice after
T-0901317 is paralleled by a significant and similar increase
in ABCA1 mRNA levels (46). Similarly, the humanized

mice show a 2.5-fold increase in ABCA1 mRNA levels (Fig.
8C), which is similar in magnitude to the increase in ABCA1
protein levels. Together, these data indicate that the dif-
ference in potential LXR binding elements between the
human and mouse ABCA1 genes does not result in a dif-
ference in the LXR-regulated increase in ABCA1 activity.

DISCUSSION

Much of our understanding of the role of ABCA1 in
HDL metabolism results from studies performed in mice
(15, 16, 19–26). To translate these results to humans, how-
ever, it is important to understand the level of functional
and regulatory conservation between the human and mouse
ABCA1 genes. Recent studies comparing other highly
conserved human-mouse orthologous gene pairs have iden-
tified important differences (30–32), indicating that a high
level of sequence conservation does not guarantee func-
tional and regulatory conservation. In addition, HDL me-
tabolism varies considerably between humans and mice,
which could potentially result from or lead to differences
in ABCA1 function.

To examine this, we performed a combined bioinfor-
matics and in vivo analysis of the human and mouse
ABCA1 genes. A computational analysis of the ABCA1 gene
revealed several conserved putative regulatory regions, in-
cluding the known ABCA1 promoter. However, we also
identified extensive differences in putative TFBSs between
the human and mouse genes, most notably in the number
of binding sites for LXR, which could indicate a differ-
ence in gene regulation.

The findings from our computational analysis were fur-
ther explored in vivo by generating a mouse model that is
humanized for the ABCA1 gene. Southern blotting indi-
cated that two copies of the human ABCA1 gene were
present in the humanized mice, allowing us to directly
compare our results with wild-type mice. First, we showed
that humanized mice expressed ABCA1 protein at similar
levels as wild-type mice. Second, introduction of the hu-
man ABCA1 gene resulted in complete functional res-
cue of mouse ABCA1 deficiency. Third, the LXR agonist

 

TABLE 2. Analysis of plasma lipid and apolipoprotein levels

 

Lipid or Apolipoprotein
ABCA1

 

�

 

/

 

�

 

(n 

 

�

 

 6)
Wild Type
(n 

 

�

 

 7)

 

P 

 

Value by Student’s 

 

t

 

-Test

Humanized
ABCA1
(n 

 

�

 

 8)

Humanized
ABCA1

vs. ABCA1

 

�

 

/

 

�

 

Humanized
ABCA1

vs. Wild Type

 

Total cholesterol 52.4 (4.9) 95.7 (9.6) 97.7 (3.1)

 




 

0.001 NS
High density lipoprotein cholesterol 5.9 (1.0) 47.9 (10.5) 48.8 (10.0)

 




 

0.001 NS
Triglycerides 134.9 (34.6) 75.9 (16.7) 111.8 (49.3) NS NS
Non-high density lipoprotein cholesterol 46.4 (5.2) 47.8 (11.7) 48.9 (11.6) NS NS
HDL/total cholesterol ratio 0.12 (0.03) 0.50 (0.11) 0.50 (0.11)

 




 

0.001 NS
Apolipoprotein A-I

 




 

8% 100% (15.9) 87% (23.6)

 




 

0.001 NS
Apolipoprotein A-II

 




 

12% 100% (23.4) 100% (20.8)

 




 

0.001 NS
Apolipoprotein B 115% (7.0) 100% (31.5) 107% (38.5) NS NS
Apolipoprotein E 40% (4.7) 100% (24.2) 101% (25.8)

 




 

0.001 NS

Lipid values are in milligrams per deciliter. Apolipoprotein values are shown as percentages of the values of
wild-type mice. Standard deviations are shown in parentheses.

Fig. 6. HDL subparticle analysis of humanized and wild-type
mice. HDL from wild-type and humanized mice was separated on
an agarose gel containing anti-apolipoprotein A-I (apoA-I) immu-
noserum. Pre	- and �-HDL fractions were calculated by determin-
ing the percentage of apoA-I in each subfraction. The HDL levels
were too low in the ABCA1�/� mice to determine subparticle ra-
tios. Humanized and wild-type mice show identical ratios of pre	-
and �-HDL, 5% and 95%, respectively. Error bars represent the
standard deviation from the mean.
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T-0901317 resulted in significant increases in HDL values,
ABCA1 protein, and ABCA1 mRNA levels in the human-
ized mice, similar to those seen and reported in wild-type
mice (46). Thus, we observed no differences in the LXR-
mediated regulation of the human and mouse genes.
Therefore, the observed conservation of both the regula-
tory and functional characteristics of the human and
mouse ABCA1 genes suggests that key regulatory and
functional elements are preserved in the human and
mouse sequences. It must be noted, however, that this
study addressed only the tissues and conditions previously
linked with important functions of ABCA1; therefore, it
does not preclude differences between the regulation of
the human and mouse genes in other tissues and con-
texts.

Qiu et al. (47) previously performed a computational
analysis of the human and mouse ABCA1 genes. We, how-
ever, applied a less stringent threshold for nucleotide
identity to classify segments of interest within the sequence
alignment and focused on the 5

 

�

 

 end of the gene most
likely to contain regulatory regions (48). In addition, we
applied a broader set of proven bioinformatics methods,
such as the analysis of regulatory potential and the pro-
moter-wide identification of potential TFBSs in the con-
served regions.

Our bioinformatics analysis shows that the human ABCA1
gene has considerably more LXR binding sites than the
mouse gene. In spite of this, however, we observed a simi-
lar response to LXR stimulation in both humanized and
wild-type mice, resulting in an increase in HDL levels and
ABCA1 protein levels. One possible explanation for the
apparent redundancy of the excess human predicted DR4
binding sites could be a limitation of the bioinformatics
method. Two reports have indicated that subtle nucle-
otide changes adjacent to DR4 sites can have dramatic im-
pact on the mediation of transactivation by LXR (49, 50).
Still, the apparent conservation of LXR regulation indi-
cates that the functionally important LXR binding sites
are the ones that are present in both the human and
mouse genes. Of the 26 LXR binding sites we identified in
the human gene, only 3 are conserved in the mouse gene.
Two of these sites, located in the ABCA1 promoter 5

 

�

 

 of
exon 1 and in intron 1, have been described previously

(20, 44). The third site, however, located at the 5

 

�

 

 end of
intron 1 (1,188 bp from the end of exon 1), has not been
described previously and lies in a region that has a very
high regulatory potential score, suggesting functional sig-
nificance.

Based on its role in the RCT pathway, increased ABCA1
activity has been shown to protect against the develop-
ment of atherosclerosis. This hypothesis is supported by
the finding that Tangier disease patients have an increased
incidence of coronary artery disease (5). In addition, mouse
studies show that specific inactivation of macrophage
ABCA1 results in an increase of atherosclerosis (19), whereas
overexpression of ABCA1 results in a reduction of athero-
sclerosis (21). Based on these findings, ABCA1 is consid-
ered to be a promising new target for the development of
therapeutics (21, 51). Our humanized ABCA1 mouse model
could prove to be a valuable in vivo model to test these po-
tential therapeutic approaches. Humanized mice provide
a better representation of the human physiological situa-
tion than wild-type mice, and results in these models are
more likely to accurately predict whether the intervention
will have the desired effect in humans (52, 53). Further-
more, the humanized ABCA1 mice can be crossed to an
atherosclerosis model, such as the apoE

 

�

 

/

 

�

 

 mouse, allow-
ing better assessment of the effect of the drug on the de-
velopment of atherosclerosis. Alternatively, the mouse model
can be crossed with CETP transgenic mice, creating a model
that more accurately resembles human lipoprotein metab-
olism (54).

Phylogenetic footprinting and regulatory sequence anal-
ysis of the ABCA1 gene indicate the presence of three
major candidate regulatory regions. Two of these regions
have previously been shown to play an important role in
ABCA1 regulation, emphasizing the utility of this method
to identify regulatory sequences. The region immediately
upstream of exon 1 shows the highest level of nucleotide
identity (82% across the 216 bp segment) and has previ-
ously been identified as the ABCA1 promoter (42). Sev-
eral TFBSs have been mapped in this region, including a
LXR/RXR binding site that has been shown to have func-
tional activity (44). The second region with a known regu-
latory function is located in the 3

 

�

 

 half of intron 1. The
regulatory activity of this region has been investigated in

Fig. 7. Wild-type and humanized mice show in-
creased cholesterol efflux compared with ABCA1�/�

mice. Cholesterol efflux was performed on peritoneal
macrophages from ABCA1�/�, wild-type, and human-
ized mice. Efflux is significantly increased in both
wild-type and humanized mice compared with
ABCA1�/� mice (P 
 0.002). Efflux from humanized
and wild-type mice did not differ significantly from
each other (P � 0.22). Error bars represent the stan-
dard deviation from the mean. * P 
 0.002 compared
with ABCA1�/�.
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Fig. 8. Wild-type and humanized mice show a similar increase in high density lipoprotein cholesterol
(HDL-C) and ABCA1 protein in response to stimulation with a LXR agonist. A: Wild-type, ABCA1�/�, and
humanized ABCA1 mice were fed an LXR agonist for 5 days (minimum of four mice per group). Blood was
collected at baseline and after the feeding period, and HDL-C levels were measured. Both wild-type and hu-
manized ABCA1 mice showed similar increases in HDL-C in response to the LXR agonist. B: Western blot of
primary hepatocytes. Hepatocytes were isolated from humanized, wild-type, and ABCA1�/� mice and treated
overnight with an LXR agonist. No ABCA1 protein was observed in ABCA1�/� mice. Humanized and wild-
type mice show a similar increase in ABCA1 protein. The bottom panel shows the GAPDH signals used as a
loading control. C: RNA levels from the livers of humanized mice treated for 5 days with an LXR agonist. Hu-
manized mice show a significant increase in human ABCA1 mRNA levels (P � 0.004) when treated with the
LXR agonist T-0901317. 18S mRNA signals were used as a loading control. Error bars represent the standard
deviation from the mean.
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two studies using BAC transgenic mice that lack the
ABCA1 promoter and exon 1 (20, 26). Both studies indi-
cate that this part of intron 1 can act as an alternative pro-
moter and revealed several novel ABCA1 transcripts that
each contained an alternative exon 1 (20). A third region
of interest is located in the 5� end of intron 1, proximal to
the first exon. No regulatory function has been mapped
to this region; however, several of our findings suggest a
potential function for this segment. First, the sequence is
highly conserved between human and mouse. Second, the
location is consistent with observations that functional
TFBSs tend to be located within 2000 bp of the transcription
start site (48). Third, this region has the highest regulatory
potential score of the ABCA1 gene. Finally, like the other
two regions, this segment contains a binding site for LXR
that is conserved between the human and mouse genes.

In conclusion, our humanized mouse model shows that
despite a large difference in potential TFBSs in the tissues
examined, human ABCA1 is able to compensate for mouse
ABCA1 deficiency with regard to the levels of expression,
function, and regulation. This finding underscores the
level of conservation of ABCA1 between mouse and hu-
man and substantiates the use of the mouse as an experi-
mental model to assess the function of human ABCA1 in
vivo.
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