ASBMB

JOURNAL OF LIPID RESEARCH

I

The cholesterol transporter ABCG1 modulates the
subcellular distribution and proteolytic processing of
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Abstract Although intracellular cholesterol levels are known
to influence the proteolysis of -amyloid precursor protein
(APP), the effect of specific genes that regulate cholesterol
metabolism on APP processing remains poorly understood.
The cholesterol transporter ABCG1 facilitates cholesterol ef-
flux to HDL and is expressed in brain. Notably, the human
ABCG1 gene maps to chromosome 21q22.3, and individuals
with Down syndrome (DS) typically manifest with Alzheimer’s
disease (AD) neuropathology in their 30s. Here, we demon-
strate that expression of ABCG1 enhances amyloid-f3 pro-
tein (AB) production in transfected HEK cells in a manner
that requires functional cholesterol transporter activity.
ABCG/1-expressing cells also exhibit increased secreted APP
(sAPP)ac and sAPPf secretion and display increased cell
surface-associated APP. These results suggest that ABCG1
increases the availability of APP as a secretase substrate for
both the amyloidogenic and nonamyloidogenic pathways.
In vivo, ABCG1 mRNA levels are 2-fold more abundant in
DS brain compared with age- and sex-matched normal con-
trols. Finally, both A and sAPP« levels are increased in
DS cortex relative to normal controls.Blf These findings sug-
gest that altered cholesterol metabolism and APP traffick-
ing mediated by ABCG1 may contribute to the accelerated
onset of AD neuropathology in DS.—Tansley, G. H,, B. L.
Burgess, M. T. Bryan, Y. Su, V. Hirsch-Reinshagen, J. Pearce,
J. Y. Chan, A. Wilkinson, J. Evans, K. E. Naus, S. Mclsaac, K.
Bromley, W. Song, H-C. Yang, N. Wang, R. B. DeMattos,
and C. L. Wellington. The cholesterol transporter ABCG1
modulates the subcellular distribution and proteolytic pro-
cessing of B-amyloid precursor protein. J. Lipid Res. 2007.
48: 1022-1034.
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One of the major neuropathological hallmarks of
Alzheimer’s disease (AD) is the accumulation of amyloid
deposits in the brain parenchyma and within cerebral
blood vessels (1). Amyloid plaques are composed mainly
of fibrillar aggregates of amyloid-B protein (AB) that are
derived from B-amyloid precursor protein (APP) by pro-
teolytic cleavage. Most APP molecules are cleaved by o-
secretase at a site within the A domain to release the
neurotrophic ectodomain of APP, a process that pre-
cludes the generation of AB. In contrast, cleavage of APP
by B- and y-secretases generates the A peptides found in
amyloid plaques (2).

Cholesterol is increasingly recognized to play a key role
in the pathogenesis of AD (3). Many groups have reported
that high intracellular cholesterol levels result in en-
hanced release of AR in vitro and in vivo (4-7), whereas
low intracellular cholesterol levels favor processing of
APP through the nonamyloidogenic a-secretase pathway
and decrease AB production (8-13). Intracellular choles-
terol also affects the subcellular distribution of presenilins
(7, 14), and B-secretase cleavage of APP is dependent on the
association of APP with BACEL in lipid rafts (13). Notably,
many of these studies have relied upon pharmacological or
chemical manipulation of intracellular cholesterol levels to
investigate the relationship between cholesterol and APP
processing. However, physiological regulation of intracellu-
lar cholesterol levels is mediated by a network of genes in-
volved in sterol homeostasis, and the specific effect of many
of these genes on APP processing is not well understood.

Abbreviations: Af, amyloid-B protein; AD, Alzheimer’s disease;
apoA-l, apolipoprotein A-I; APP, B-amyloid precursor protein; CTF,
C-terminal fragment; DS, Down syndrome; sAPP, secreted APP.
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ATP binding cassette transporters use ATP hydrolysis
to drive the transport of various molecules across biologi-
cal membranes (15, 16). There are 48 known human ABC
transporters that are grouped into seven classes (16), and
the ABCA and ABCG classes are believed to act as critical
gatekeepers of cholesterol homeostasis (15-17). ABCG1
is the founding member of the ABCG subclass of ABC
transporters (17, 18) and is widely expressed in several
peripheral tissues as well as in gray and white matter in
postnatal murine brain (19-21). Biochemically, ABCG1
facilitates cholesterol efflux to HDL but not to lipid-free
apolipoprotein A-I (apoA-I) (21, 22) and redistributes in-
tracellular cholesterol to plasma membrane domains that
are accessible by cholesterol oxidase (23). Both the cho-
lesterol efflux and distribution activities are present when
ABCG] is selectively expressed in cells, demonstrating that
ABCG] can function as a homodimer (21-23). Deficiency
of ABCGI1 in mice results in the accumulation of sterols
within liver and macrophage-rich tissues when animals
are challenged with a high-fat, high-cholesterol diet (24).
ABCGTI is also highly expressed in brain and has been pro-
posed to be a better correlate of cholesterol efflux from glia
than ABCA1 (19-21, 25).

Intriguingly, the human ABCGI gene resides on chro-
mosome 21 (26-29), suggesting that it may be of interest
for some of the clinical phenotypes associated with Down
syndrome (DS). DS is caused by inheritance of an extra
copy of all or part of chromosome 21 and occurs in
~1 in 700 live births. Most individuals (95%) with DS
are trisomic for the entire chromosome 21, which con-
tains 337 genes whose individual roles in the syndrome
are largely unknown (30). Analysis of DS individuals with
partial trisomy 21 has shown that a “critical region” be-
tween loci D21S58 and D21S42 accounts for mental re-
tardation and most of the facial features of DS (31-34).

One prominent phenotype in DS is the inevitable de-
velopment of AD neuropathology, including parenchymal
and cerebrovascular amyloid plaques and neurofibrillary
tangles, by the mid to late 30s (35, 36). This is decades
carlier than in the general population, who typically ex-
hibit signs of AD in the mid to late 70s (36, 37). The onset
of clinical dementia in DS is age-dependent, with preva-
lence rates of ~9% between 40 and 49 years, 36% between
50 and 59 years, and 55% between 60 and 69 years (38).

The human APP gene maps to chromosome 21q21.3,
and two seminal observations demonstrate the pivotal role
of APP gene dose in determining the age of onset of AD.
First, excess APP is required for the accelerated onset
of AD in DS (39). This was shown by the identification
of a 78 year old DS subject who exhibited no amyloid de-
position upon autopsy and who had partial trisomy 21 in
which the chromosomal breakpoint excluded APP (39).
More recently, five independent kindreds were identi-
fied that contain a duplication of the APPlocus in the ab-
sence of mental retardation and other aspects of DS (40).
These families all exhibit autosomal dominant early-onset
AD with an average clinical age of onset of 52 years, and
they exhibit abundant amyloid deposition in the paren-
chyma and cerebrovasculature (40). Together, these studies

conclusively demonstrate that APP gene dose critically reg-
ulates the age of onset of AD.

However, these studies do not rule out the possibility
that other genes on chromosome 21 may also contribute
to the decreased age of onset of AD neuropathology in DS
subjects. Notably, there is evidence for a poorly under-
stood locus on chromosome 21 that affects the risk and
age of onset for sporadic AD (41), and it is possible that
inheritance of extra copies of genes near this region may
functionally synergize with excess APP and provide a bet-
ter explanation for the greatly accelerated onset of AD
neuropathology in DS than APP gene dose alone.

Therefore, we hypothesized that genes on chromosome
21 with known roles in lipid metabolism may be good can-
didates to participate in the development of early-onset
AD neuropathology in DS. The human ABCGI gene maps
to chromosome 21q.22.3 within the DS critical region and
near the linkage peak that may affect onset and risk in
sporadic AD (33, 41). Here, we show that the functional
activity of ABCGI as a cholesterol transporter influences
the subcellular distribution and proteolytic processing
of APP. Furthermore, we provide evidence of increased
ABCGI1 expression and increased proteolytic products of
APP in DS cortex compared with normal controls. Our
findings suggest the possibility that ABCGI1 may contrib-
ute to the accelerated onset of AD neuropathology in DS.

MATERIALS AND METHODS

Cell culture and transfection

HEK293 cells stably expressing human APPgsgs; containing
the Swedish mutation (HEK-APPswe cells) were cultured in growth
medium (DMEM containing 10% FBS, 2 mM r-glutamine, 100 U/ml
penicillin-streptomycin, and 200 pg/ml geneticin; all reagents
from Canadian Life Technologies). Cells were transfected with
a human ABCGI1 cDNA (Image Consortium), a murine ABCG1
cDNA, or empty vector using Fugene (Roche) according to the
manufacturer’s recommendations.

Measurement of A} and sAPP species

Secreted human AB1-40 and AB1-42 was measured by ELISA
(Biosource). For experiments involving transfected HEK-APPswe
cells, medium was changed at 24 h after transfection and con-
ditioned for 6-32 h. Conditioned medium was collected, mixed
with Complete Protease Inhibitor (Roche), and frozen at —80°C
until required. Samples were thawed only once. ELISA results,
expressed as pg/ml, were normalized to total cellular protein to
correct for variations in cell number. Time course experiments
were conducted such that <10% of the total medium was re-
moved over the course of the experiment in complete growth
medium. The rate of AR secretion was determined using Vernier
Logger Pro (version 3.3) to generate quadratic curves to fit the
data according to the criteria for the least possible slope error.
The derivatives of these functions were evaluated over the in-
terval 0-10 h. AB levels measured during cholesterol efflux as-
says were obtained from cells conditioned for 6 h in DMEM
and 0.2% delipidated BSA to maintain the identical conditions
used in the cholesterol efflux assay (see below). For measure-
ment of sAPP species, culture supernatants were normalized
for total cellular protein to correct for variations in cell number
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and immunoblotted with 6E10 (Chemicon) to detect sAPPa
and with 10321 (Phoenix Biotech) to detect sAPP{.

Purification of HDL

HDL was purified by KBr density gradient ultracentrifuga-
tion from plasma obtained from normolipidemic human donors.
Fractions corresponding to HDLs (1.063-1.125 g/ml) and HDL;
(1.125-1.225 g/ml) were collected, pooled, and dialyzed against
15 mM NaCl and 0.1 mM EDTA overnight, followed by filter
sterilization. Protein levels were determined by Lowry assay.

Cholesterol efflux assay

Cells were seeded at 250,000 cells/well on 24-well plates and
labeled with 1 pCi/ml [3H]cholesterol (New England Nuclear)
for 18-24 h during transfection in growth medium. Labeled and
transfected cells were washed once with serum-free DMEM, and
25 pg/ml HDLs, 5 was added as a lipid acceptor in serum-free
DMEM containing 0.2% delipidated BSA. Medium was collected
6 h later and centrifuged at 8,000 rpm to remove cell debris.
Cells were lysed with 50 pl of 0.1 M NaOH and 0.2% SDS
and incubated at room temperature for 20 min. Fifty microliters
of medium and cell lysate was added to scintillation plates and
counted. Percentage cholesterol efflux was calculated as total
counts in the medium divided by the sum of the counts in the
medium plus the cell lysate (42).

Western blotting

HEK-APPswe cells were lysed in 10% glycerol, 1% Triton
X-100, and Complete Protease Inhibitor (Roche) in PBS and
centrifuged for 5 min at 9,000 rpm. Equal amounts of protein,
determined by Lowry assay, were resolved through 7.5% or
10% SDS polyacrylamide gels, transferred to polyvinylidene fluo-
ride membranes (Millipore), and immunodetected with 6E10.
Nitrocellulose membranes (Millipore) were used in conjunction
with anti-rABCG1 (Novus). Anti-GAPDH (Chemicon) was used
as an internal protein-loading control. Blots were developed
using enhanced chemiluminescence (Amersham) according to
the manufacturer’s recommendations.

For analyses of APP C-terminal fragments (CTFs), cells were
lysed in RIPA buffer consisting of 20 mM Tris-HCI, pH 7.4, 5 mM
EDTA, 50 mM NaCl, 10 mM Na-pyrophosphate, 50 mM NaF,
1% Nonidet-P40, and Complete Protease Inhibitor. Lysates
were sonicated for 20 s and centrifuged for 5 min at 11,000 g,
and the supernatants were collected. Thirty micrograms of pro-
tein was loaded per lane on 4% to 10% to 17% step gradient Tris-
Tricine gels with an anode buffer consisting of 0.2 M Tris-HCI,
pH 8.9, and a cathode buffer consisting of 0.1 M Tris-HCI,
pH 8.4, 0.1 M Tricine, and 0.1% SDS. After electrophoresis, pro-
teins were transferred to nitrocellulose membranes and probed
with anti-APP C-terminal (Sigma) antibodies to detect CTFa
or CTFB.

For analysis of APP and ABCGI protein expression in tissues,
total membranes were purified as described (43). Tissues were
homogenized in 5 volumes of lysis buffer (50 mM mannitol,
2 mM EDTA, 50 mM Tris-HCI, pH 7.6, and Complete Protease
Inhibitor) and centrifuged at 500 g to pellet nuclei and debris.
Between 400 and 450 wl of supernatant was layered onto 600 .l
of fractionation buffer (300 mM mannitol, 2 mM EDTA, and
50 mM Tris-HCI, pH 7.6) and centrifuged at 100,000 g for 45 min
to pellet total membranes. Membranes were resuspended in 150—
200 pl of lysis buffer. SDS was added to a final concentration
of 1% before SDS-PAGE and immunoblotting with antibodies
against APP, ABCG1, and NaK-ATPase as an internal loading
control (Novus).
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Biotinylation assay

HEK-APPswe cells were transfected with vector, murine ABCGI,
or human ABCGI for 24 h. Cells were washed twice with cold
PBS and treated with 1 mg/ml sulfo-NHS-Biotin (Pierce) in PBS
for 30 min at 4°C, washed twice with cold PBS, and quenched
with cold 3.75 mg glycine/ml PBS. Cells were solubilized with
lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.5% Tri-
ton X-100, and Complete Protease Inhibitor) for 30 min on
ice, sonicated, and centrifuged at 14,000 rpm for 5 min at 4°C.
Ten percent of the lysate was saved for analysis of total APP.
Streptavidin-agarose beads (Pierce) were washed twice in lysis
buffer, added to the remaining lysate, and rocked at 4°C over-
night. Beads were collected by centrifugation and washed three
times in 10 volumes of lysis buffer. Total and cell surface frac-
tions were separated by SDS-PAGE and immunodetected for
APP and actin as a loading control.

Density gradient fractionation

HEK-APPswe cells were transfected with vector or ABCG1
for 24 h. Cells were harvested, lysed, and fractionated over a con-
tinuous 0.58-1.1 mol/1 sucrose density gradient as described

(44, 45).

Human tissues

Frozen human postmortem control, DS, and AD frontal cor-
tex tissue samples were obtained from the University of Maryland
Brain and Tissue Bank for Developmental Disorders (Baltimore,
MD; National Institutes of Health contract NO1 HD-1-3138) and
the University of British Columbia Kinsman Laboratory Brain
Bank (generously provided by Dr. Pat McGeer) in accordance
with University of British Columbia and BC Children’s Hospi-
tal clinical ethical approval. Each DS and AD sample was indi-
vidually matched to a control for age, sex, and, wherever possible,
ethnic background and postmortem interval (Table 1).

RNA isolation and analysis

RNA from human brain tissues was extracted using Trizol
(Invitrogen) according to the manufacturer’s protocol. RNA sam-
ples were treated with DNasel before cDNA synthesis. cDNA was
generated using oligo-dT primers and TagMan reverse transcrip-
tion reagents (Applied Biosystems). Primers were designed using
PrimerExpress software (Applied Biosystems) and spanned
exons 22 and 23 of human ABCGI. Sequences are as follows: hu-
man ABCGI forward (5-~ACACCATCCCCACGTACCTA-3') and
reverse (5-GATGACCCCTTCGAACCCA-3"); human APP for-
ward (5-GCTGGCTGAACCCCAGATT-3") and reverse (5-CC-
CACTTCCCATTCTGGACAT-3") and human GAPDH forward
(5-CCTGCACCACCAACTGCTTA-3') and reverse (5-CATGAGT-
CCTTCCACGATACCA-3). Quantitative RT-PCR was done with
SYBR Green reagents (Applied Biosystems) on an ABI 7000.
Cycling conditions were 50°C for 2 min, 95°C for 10 min, then
40 cycles at 95°C for 15 s and 60°C for 1 min, followed by dis-
sociation at 95°C for 15 s, 60°C for 20 s, and 95°C for 15 s. Each
sample was assayed in triplicate, normalized to GAPDH, and ana-
lyzed with 7000 system SDS software version 1.2 (Applied Bio-
systems) using the relative standard curve method.

ELISA procedures to measure sAPP@3, sAPP«, full-length
APP, and A in brain homogenates

Human brain homogenates prepared in 5.5 M guanidine-HCI
were diluted 25-fold into PBS containing 2% BSA and 0.05%
Tween-20. Purified human recombinant sAPP3, sAPP«, and full-
length APPgo5; were used for standard curves in each ELISA for
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TABLE 1. Human tissues

Type Sample Identifier Age Sex Ethnicity PMI Type Sample Identifier Age Sex Ethnicity PMI
Control 1793 11 Male AA 19 DS 1267 10 Male AA 15
Control 1037 19 Male C 11 DS 1960 19 Male AA 14
Control 777 22 Male AA 4 DS 707 22 Male AA 15
Control 1441 31 Male C 28 DS 753 23 Male C 24
Control 1134 41 Male C 15 DS 1258 44 Female C 13
Control 1454 47 Female C 24 DS 4659 46 Female C 7
Control 4640 47 Female C 5 DS 3233 47 Female ND 20
Control 1113 56 Male C 17 DS 3572 51 Male C 20
Control 1206 57 Male C 16 DS 1623 56 Male C 7
Control 1444 79 Female C 14 AD 1252 78 Male C 9
Control 4534 70 Male AA 28 AD 1172 79 Female C 12
Control 4546 86 Female C 22 AD 1312 87 Female C 7
Control 1113 56 Male C 17 AD 1562 83 Female C 6
Control 1206 57 Male C 16 AD 1630 84 Female C 5
Control 1441 51 Male C 28 AD 200 68 Male ND 5
Control 1454 47 Female C 24 AD 429 85 Female ND 16
Control 1134 41 Male C 15 AD 413 73 Female ND 24

AA, African American; AD, Alzheimer’s disease; C, Caucasian; DS, Down syndrome; ND, not determined; PMI, post mortem interval.

quantitation. Fifty microliters of each sample was loaded onto
a half-area ELISA plate, precoated with 8E5, and incubated at
4°C overnight. The sAPPB fragments were captured with the
rabbit polyclonal 192wt (against peptide epitope ISEVKM). The
sAPPa fragments were captured with the rabbit polyclonal 3436
(against peptide epitope YEVHHQK). Full-length APP was cap-
tured with the rabbit polyclonal Zymed anti-APP( antibody.
Goat anti-rabbit IgG conjugated with HRP was used as a report-
ing antibody. Human A was quantified in guanidine-solubilized
extracts from brains as described previously (46).

ABCG1-deficient mice

ABCG]l-deficient mice were obtained from Deltagen. The tar-
geting vector used to generate these mice contained 7 kb of 5’
and 1.4 kb of 8 murine genomic DNA flanking a 7 kb IRES-LacZ-
Neo-pA cassette that places the 3-galactosidase gene under the
control of endogenous ABCG1 regulatory elements. Homolo-
gous recombination results in the deletion of seven amino acids
(GPSGAGK) within the Walker A motif in exon 3 of the murine
abcgl gene. Chimeric animals were generated using embryonic
stem cells derived from the 129/0laHsd genetic background
and were backcrossed to C56Bl/6 mice for at least seven gener-
ations before use. All procedures involving experimental animals
were performed in accordance with protocols from the Canadian
Council of Animal Care and the University of British Columbia
Committee on Animal Care.

Histology

Wild-type and ABCG1-hemizygous mice were perfused with PBS.
Brains were postfixed in 2% paraformaldeyde in PBS for 24 h,
rinsed with PBS, and cryoprotected in 20% sucrose in PBS over-
night at 4°C. Frozen coronal sections (40 um) were prepared on a
cryostat and mounted on Superfrost Plus (Fisher) slides. Slides were
immersed in 1 pug/ml 5-bromo-4-chloro-3-indolyl 3-p-galactosidase
for 2 h at 37°C and counterstained with Neutral Red. Bright-field
images were captured on a Zeiss Axioplan microscope.

Statistical analysis

Data were analyzed by Student’s #test or one-way ANOVA with
a Newman-Keuls posttest using GraphPad Prism software (ver-
sion 4.0). All in vivo data were conducted with the rater blinded
to genotype.

RESULTS

ABCGI increases A levels

To determine whether ABCG1 affects the secretion of
AB peptides, HEK293 cells stably expressing APPgg5; con-
taining the Swedish mutation (HEK-APPswe cells) were
transiently transfected with empty vector or human ABCG1
cDNA, and the levels of AB40 and AB42 released into the
medium were measured over time. We observed a consis-
tent increase in secreted AB40 and AB42 levels through-
out the course of these experiments. For example, the
level of AB40 secreted from HEK-APPswe cells expressing
ABCGI1 was 1.8-fold greater than that of the vector-only
controlat 10 h (P << 0.0001, n = 2) (Fig. 1A), and the level
of AB42 was 2.1-fold greater than that of the vector con-
trol at 10 h (P < 0.0001, n = 2) (Fig. 1B). Western blot
analysis demonstrated that ABCG1 was undetectable in
vector-transfected HEK-APPswe cells but was abundant
in cells expressing ABCG1 (Fig. 1C). These data show that
the levels of AR released from HEK-APPswe cells is aug-
mented in the presence of ABCGI.

Functional ABCGl1 is required for increased AP secretion

To determine whether the enzymatic function of ABCG1
as a cholesterol transporter (21-23) is required for in-
creased AP secretion, HEK-APPswe cells were transfected
with empty vector, wild-type ABCG1, or ABCGI containing
an S220G mutation in the ATP binding cassette signature
motif that is conserved in mouse, rat, dog, and Drosophila
melanogaster. As expected, the S220G mutation reduced the
cholesterol efflux activity of ABCG1 to that of the vector-
only controls (Fig. 2A). Notably, this mutation also reduced
AB40 and AB42 secretion to baseline levels (Fig. 2B, C),
demonstrating that the ability of ABCGI1 to augment AB
release requires its function as a cholesterol transporter.

ABCGT1 also increases sAPPa and sAPPf3 secretion

To determine the effect of ABCG1 on the release of
sAPP species, we next evaluated the levels of sAPPa and
sAPPB in conditioned medium from HEK-APPswe cells
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Fig. 1. ABCGI1 enhances amyloid- protein (Af) production in
vitro. A, B: HEK-APPswe cells were transiently transfected with
empty vector or ABCGI. Conditioned medium was collected at var-
ious times, assayed for AB40 (A) and AB42 (B) by ELISA, and nor-
malized to total cell protein. Data represent means * SD of two
independent experiments for empty vector and ABCGI1. Data were
analyzed by unpaired Student’s test at each time point; * P < 0.05,
## P<0.01. C: Western blot shows the detection of ABCGI protein
after transfection with ABCGI.

expressing empty vector or ABCGI1. Intriguingly, a signif-
icant increase in sAPPa (63% above control; P = 0.020,
n = 3) as well as increased sAPPB (73% above control;
P = 0.002, n = 3) was observed in the presence of ABCG1
relative to vector (Fig. 3). These observations suggest that
ABCGI1 may lead to an increase in the availability of APP as a
substrate for both a-secretase and B-secretase pathways. APP
mRNA levels were unchanged in HEK-APPswe cells express-
ing vector (APP/GAPDH ratio = 1.076 = 0.265; n = 3) and
ABCGI (APP/GAPDH ratio = 1.002 = 0.074; n = 3), dem-
onstrating that increased transcription of APP per se cannot
account for the increased production of secretase products.

CTFa and CTFf levels are increased in cells
expressing ABCG1

CTFa and CTFp fragments were next analyzed by Western
blot in transfected HEK-APPswe cells. Compared with vector,
ABCGl-expressing cells exhibited a significant increase in
CTFa (P = 0.0137, n = 3) and CTFB (P = 0.0066, n = 3),
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which remained even when corrected for the increase in
total APP observed in ABCGl-expressing cells (CTFa/APP,
P=10.0136, n = 3; CTFB/APP, P = 0.0002, n = 3) (Fig. 4).
Although a proportional increase in CTFa and CTF(
can be caused by decreased +y-secretase activity, our ob-
servation that CTFa and CTF levels are both increased
suggests that expression of ABCGI promotes increased
processing of APP by both the amyloidogenic and non-
amyloidogenic pathways.

ABCGI increases cell surface presentation of APP

Although the precise intracellular sites of APP proteoly-
sis is a subject of considerable debate, it has been reported
that all secretases have the ability to cleave APP at the cell
surface and/or in early endosomes (47-50). Because ABCG1
is known to influence the distribution of cholesterol at the
plasma membrane (23) and affects both the a-secretase and
B-secretase pathways of APP processing, we hypothesized that
ABCGI could increase the proportion of APP at the cell sur-
face that is available for proteolysis by all secretases either at
the cell surface or upon endocytosis. Therefore, biotinylation
assays were used to determine the subcellular distribution of
APP in ABCGl-expressing cells. HEK-APPswe cells express-
ing either murine or human ABCGI1 exhibited increased
total APP (P = 0.009 for murine vs. control, P = 0.003 for
human vs. control, n = 3) and increased surface APP (P =
0.01 for murine vs. control, P= 0.0003 for human vs. control,
n = 3). Notably, the increase in surface APP was greater than
the increase in total APP, resulting in an increased propor-
tion of total APP at the plasma membrane (P = 0.097 for
murine vs. control, P = 0.008 for human vs. control, n = 3).
These results show that the increased cell surface APP was
only partly accounted for by the increase in total APP levels
in ABCGl-expressing cells (Fig. 5), suggesting that ABCG1
activity preferentially presents APP at the cell surface. Fur-
thermore, continuous sucrose density centrifugation and
Western blot analysis showed that an increased proportion
of APP colocalized with a plasma membrane marker (B1-
integrin) in ABCGl-expressing compared with control HEK-
APPswe cells (data not shown). These results from two
independent methods indicate that modulation of the in-
tracellular lipid environment by ABCG1 increases the cell
surface presentation of APP.

To test whether increased cell surface APP could be at-
tributed to the adherence of secreted APP species to the
plasma membrane, HEK293 cells that did not express
APPswe were transfected with vector or ABCG1 for 24 h to
allow for ABCGl-mediated changes in cell surface lipid
distribution to occur, then exposed for an additional 24 h
to conditioned medium containing sAPP. Neither vector-
transfected nor ABCGl-expressing cells accumulated de-
tectable sAPP (Fig. 6), suggesting that ABCGl-mediated
changes in membrane composition are not sufficient to
attract exogenous sAPP to the cell surface.

ABCGT1 is highly expressed in neurons and is
overexpressed in DS frontal cortex

Homologous recombination of an IRES-LacZ-Neo-pA
cassette into the murine abcg! locus allows rapid analysis of
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Fig. 2. ABCGI requires cholesterol efflux activity to affect AB production. HEK-APPswe cells were trans-
fected with vector, wild-type (WT) ABCGI1, or ABCGI containing a S220G mutation in the Walker A domain.
A: Wild-type ABCG1, but not ABCG1 S220G, effluxes cholesterol to exogenous HDL above baseline levels.
Data represent means = SEM from at least two independent cholesterol efflux assays over a 6 h period, each
measured in triplicate. B, C: Wild-type ABCGI, but not ABCG1 S220G, augments AB40 (B) and AB42 (C)
production above baseline levels. Data represent means = SEM of at least two independent experiments.

ABCGI1 expression patterns using (-galactosidase histo-
logical staining. Analysis of hemizygous ABCG™/~ brains
demonstrated that ABCG1 is highly expressed in neurons,
with particularly abundant expression in hippocampus,
where it is found in CAl, CA2, and CA3 neurons as well
as in the dentate gyrus. ABCG] is also expressed in all cor-
tical layers as well as in the striatum and thalamus (Fig. 7).

Quantitative RT-PCR was then used to measure the
levels of human ABCG1 mRNA from eight postmortem
trisomy 21 patients who ranged in age from 10 to 56 years

A Vector ABCG1

B Secreted APP Fragments

2= p=0.020 p=0.002
L]
Q
[ =
o
!g 1< — —_
(s}
o
©
(18

0

v G1 v G1
sAPPu sAPPB

Fig. 3. ABCGI promotes the release of secreted of B-amyloid pre-
cursor protein (sAPPa and sAPPB). A: HEK-APPswe cells were trans-
fected with ABCGI or empty vector for 24 h, followed by a 6 h period
of conditioning in fresh medium. sAPPa and sAPP levels were eval-
uated by Western blot analysis of medium and normalized to total
cellular protein. B: The graph represents means * SEM of a rep-
resentative experiment from three independent transfections. G1,
ABCG1; V, vector.

(Table 1). Each trisomy 21 patient was matched by age
and sex to a normal control (Table 1). ABCG1 mRNA
abundance was also quantified from eight late-onset AD
patients who were also matched by age and sex to a nor-
mal control (Table 1). ABCG1 mRNA levels in DS fron-
tal cortex were 2.435- = 1.43-fold more abundant than in
control frontal cortex (P = 0.023, n = 8) (Fig. 8), clearly
demonstrating that inheritance of an extra copy of ABCG1
is associated with increased ABCG1 mRNA levels in hu-
man postmortem trisomy 21. Notably, no significant dif-
ference was observed between ABCG1 mRNA levels in AD
brain compared with age- and sex-matched controls (P =
0.911, n = 11), showing that the presence of AD neuro-
pathology is not sufficient to upregulate ABCG1 expression.
In contrast to ABCG1, we found that APP mRNA levels were
not increased significantly in these same trisomy 21 patients
relative to controls, although a clear trend toward increased
APP expression was observed (P= 0.131,n = 8). APP mRNA
levels were indistinguishable in AD patients compared with
controls (P = 0.846, n = 7) (Fig. 8B).

Western blot analysis of total membrane preparations
revealed that ABCGI protein levels were 2-fold more
abundantin DS frontal cortex compared with those in age-
matched controls (P = 0.008, n = 4) (Fig. 9). In contrast,
APP protein levels were not significantly different in these
same fractions (P = 0.638, n = 4) (Fig. 9).

Af and sAPPa levels are increased in DS cortex

Finally, we determined whether excess ABCGI1 in DS is
associated with increased processing of APP in vivo. First,
total AB40 and AP42 levels were assessed in 9 trisomy
21 patients relative to 10 controls. As expected, both AB40
and AB42 were increased significantly in DS cortex (P =
0.031 and P = 0.005, respectively) (Fig. 10A). Next, total
APP and sAPP levels were quantified in these same DS and
control patients. In whole cortical lysates, total APP pro-
tein levels as measured by ELISA were indistinguishable
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in trisomy 21 patients compared with controls (Fig. 10B).
The levels of sSAPPB did not differ significantly between
DS and control patients, irrespective of whether the sAPPf
measurement was normalized for total APP protein level
in each patient (Fig. 10C, D). In contrast, sAPPa levels
tended to be increased in DS cortex compared with con-
trols (P = 0.063), which was significant when corrected for
total APP levels for each patient (P = 0.024) (Fig. 10E, F).
These results show that expression of excess ABCGI is as-
sociated with increased AB and sAPPa levels in DS brain.

DISCUSSION

Intracellular cholesterol levels markedly affect APP
processing and the subcellular distribution of APP and
secretase components (4-14). However, little is known about
how genes that control intracellular lipid distribution may
affect APP metabolism. Here, we demonstrate that transient
expression of the cholesterol transporter ABCGI affects the
proteolytic processing and subcellular distribution of APP
in vitro. In cultured HEK-APPswe cells, expression of func-
tional ABCGI1 increases AR, sAPPa, and sAPPJ secretion
and increases the proportion of APP that is present at the
cell surface. Because APP and secretases are all membrane-
bound proteins whose subcellular distribution and activi-
ties are highly dependent on cholesterol (6, 51-53), it is
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Fig. 4. ABCGI enhances a-secretase and 3-secretase cleav-
age of APP. A: Representative Western blot of total APP
as well as C-terminal fragment o (CTFa) and CTF( from
HEK-APPswe cells transfected with vector. B-E: The graphs
represents means = SEM of three transfections. B, D: To-
tal CTF levels corrected for GAPDH. C,E: CTF levels cor-
rected for total APPs. A total of three independent rounds
of transfections, each at least in triplicate, were performed.

possible that the activities of ABCGI in lipid trafficking
and efflux may influence the intracellular routing of sev-
eral gene products involved in APP metabolism. Our ob-
servations provide evidence for a novel activity of ABCG1
as a modulator of APP processing and subcellular traf-
ficking and suggest that ABCG1 may be a key participant
in pathways that link cholesterol with APP metabolism.

Observations that increased cholesterol augments A
production (4-7), whereas cholesterol depletion stimulates
a-secretase activity (8-13), have led to the prediction that
genes such as ABCG1 and ABCALI that promote cholesterol
efflux should decrease AP levels by the resulting reduction
of intracellular sterol content. However, investigations of
both ABCG1 and ABCALI suggest that this prediction may
be overly simplistic and that effects on intracellular cho-
lesterol distribution may be equally important in modulat-
ing APP processing as cholesterol levels.

ABCAL is crucial for the efflux of cholesterol onto lipid-
poor apolipoprotein particles (54). Deficiency of ABCAl
leads to the accumulation of intracellular cholesterol
and a nearly complete lack of circulating HDL (55-57).
Although early in vitro studies suggested that ABCAI
influences AB production, no consensus was reached on
whether ABCALI increased or decreased AP levels (58-60).
Furthermore, four independent groups have now demon-
strated in vivo that A levels are unaffected by the absence
of ABCA1 (61-64). We and others have recently shown
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Fig. 5. ABCGI increases cell surface presentation of APP. A: Representative Western blot of HEK-APPswe
cells transiently transfected with empty vector, murine ABCGI1, or human ABCGI and treated with sulfo-
NHS-biotin followed by precipitation of biotinylated cell surface proteins using streptavidin agarose beads.
The levels of total and cell surface APP are shown and normalized to actin levels as an internal control. B:
Quantitation of APP distribution. The graphs represent means * SEM of a representative round from
three independent transfections, analyzed by Student’s ttest. Three rounds of at least triplicate indepen-
dent transfections were performed. Asterisks represent P < 0.05.

that ABCA1 influences amyloidogenesis via alterations in
apoE metabolism. Mice lacking ABCA1 have severe reduc-
tions in apoE levels in the brain, which results from ineffi-
cient secretion and lipidation of apoE from glia (65, 66).
Importantly, these poorly lipidated apoE particles greatly
facilitate the formation of amyloid deposits (61-63). To-
gether, these studies demonstrate that although one func-
tion of ABCAI1 is to modulate cholesterol levels, ABCA1
does not appear to modulate AR production in vivo.
Rather, these results suggest that ABCAI influences amy-
loid deposition and/or clearance by affecting apoE levels
and lipidation.

HEK CM

ABCGI1 also promotes cholesterol efflux, but in con-
trast to ABCAl, ABCG1 can only transfer cholesterol to
lipidated particles such as HDL (21, 22). Here, we pro-
vide evidence that ABCGI1 also affects APP metabolism
and that this requires its cholesterol efflux activity. Under
our in vitro conditions, ABCGI facilitates APP processing
through both the a-secretase and B-secretase pathways,
leading to increased secretion of AP, sAPPa, and sAPPf3
species, which is associated with increased cell surface pre-
sentation of APP. Therefore, our results identify a novel
function of ABCGI as a modulator of APP trafficking in a
cholesterol-dependent manner and categorize ABCGI as

APP CM

Input
Vector
APP HEK

ABCG1 Vector ABCG1

Cellular APP |

GAPDH =P E e

Fig. 6. ABCG1 does not increase the cellular adherence of exogenous sAPP. Conditioned medium and
cell lysates were prepared from HEK-APPswe and HEK293 cells (input APP and HEK). HEK293 cells were
transfected with vector or ABCGI and exposed to conditioned medium from HEK293 cells (HEK CM) or
conditioned medium from HEK-APPswe cells (APP CM) for 24 h, after which medium and cell lysates were
immunoblotted for APP and GAPDH. The upper panel (Media sAPP) shows the input levels of SAPP in the
conditioned medium at the beginning of the experiment and demonstrates no loss of input signal after
24 h of incubation on transfected cells. The middle panel (Cellular APP) shows the levels of cell-associated

APP in HEK-APPswe and HEK293 cells (input lanes)

and in HEK293 cells exposed to HEK293 CM or APP

CM using 75 ug of protein per lane. The lower panel shows GAPDH as an internal loading control.
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Fig. 7. ABCGI is highly expressed in neurons. LacZ staining of
ABCGTI heterozygous (A, C, E, G-I) and wild-type (WT; B, D, F)
mice. Coronal sections are shown at 2.5X (A, B), 10X (C-F), and
40X (G-I) magnification. Strong LacZ staining, indicative of ABCG1
expression, is observed in hippocampus (A, C), all cortical layers
(A, E, G-I), striatum, and thalamus (A).

one of the first genes reported to increase APP presenta-
tion at the cell surface.

However, much remains to be learned. For example,
it is not yet known whether ABCGI1 may also affect the
enzymatic activity of secretases that depend on a lipid
environment, or whether it may simply influence the in-
teraction of secretases and APP within specific membrane
microdomains. We do not know whether ABCG1 may af-
fect the trafficking of APP through anterograde, retro-
grade, or endocytic pathways. Finally, it is not known
whether ABCG1 may contribute to the increased matura-
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Fig. 8. ABCGI mRNA levels are increased significantly in Down
syndrome (DS) cortex. Quantitative RT-PCR was used to determine
ABCGI (A) and APP (B) mRNA levels from eight trisomy 21 pa-
tients (black bars) and eight age- and sex-matched controls (Con;
white bars) as well as eight Alzheimer’s disease (AD) patients (dark
gray bars) and eight age- and sex-matched controls (light gray
bars). Data represent means * SEM of each patient measured
in duplicate for the DS patients and matched controls and in
triplicate for the AD patients and matched controls, analyzed by
Student’s unpaired ttest.

tion of BACEIl that was recently identified as a novel
mechanism contributing to AD in DS (67). Understand-
ing the precise mechanisms by which ABCG1 leads to in-
creased cell surface APP and subsequent processing will
require evaluating each of these aspects of APP metabo-
lism. Intriguingly, our results differ from a recent report
suggesting that ABCG1 suppresses A production in CHO
cells in a manner unrelated to its cholesterol efflux ac-
tivity (68), although effects on CTF or sAPP generation

A Control

Down Syndrome

N NaK-ATPase

ABCG1 APP

w

protein/NaK-ATPase

Con DS Con DS
p=0.008 p=0.638

Fig. 9. ABCGI1 protein levels are increased significantly in DS
cortex. A: Western blots of total membrane fractions from four
age-matched controls and trisomy 21 patients. Blots were probed
sequentially for ABCG1, APP, and NaK-ATPase as an internal load-
ing control. B: Relative ABCG1/NaK-ATPase and APP/NaK-ATPase
values are shown, with the values in control (Con) fractions set to 1.
Data represent means = SEM of each patient assayed in duplicate
and analyzed by Student’s unpaired ttest.
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Fig. 10. AP and sAPPa levels are increased in DS cortex. A: AB40
and AB42 levels were determined by ELISA in cortex of 9 trisomy
21 patients (DS) and 10 controls (Con). Data represent means *
SEM. B: Total APP levels were quantified by ELISA from these
same trisomy 21 patients and controls. C-F: sAPPB (C, D) and
sAPPa (E, F) were determined by ELISA from these same trisomy
21 patients and controls. Data are presented as scatterplots of
sAPPB and sAPPa levels expressed before (C, E) and after (D, F)
normalization to APP levels in each brain sample, with horizon-
tal lines representing the means.

and APP subcellular localization were not evaluated. As
in the case with ABCAL, in vivo studies using mice with a
selective increase or deficiency of ABCG1 will be required
to evaluate the impact of ABCGI on the pathogenesis of
AD in an appropriate physiological context.

Our findings that DS cortex contains 2-fold more ABCG1
mRNA and protein than age-matched control samples and
exhibits increased AR and sAPPa levels are consistent with
many of our observations in ABCG1-expressing HEK-APPswe
cells. Unlike in HEK-APPswe cells, however, we did not ob-
serve increased sAPPB levels in our cohort of DS postmor-
tem tissue. Mechanisms for this could include increased
y-secretase activity or increased turnover of sAPP( relative
to sAPPa in DS tissue. Interestingly, a recent study reported
that CTFa levels decline during aging in DS, whereas CTFf3
levels increase (69). It is possible that we were unable to de-
tect these changes given the relatively small number of DS
samples of a wide age variation that were examined in this
study. Finally, it is important to note that our in vivo results
are correlative and do not rule out the possibility that other
chromosome 21 genes in addition to ABCGI may also play

a role in the development of early AD neuropathology in
DS patients. Recently, BACE2, a novel aspartyl protease
located on chromosome 21, was excluded as a potential
gene that contributes to the development of AD neuro-
pathology in DS (70). Future studies will be required to
evaluate the impact of the selective overexpression or defi-
ciency of ABCGI on AD neuropathology in vivo.

It has long been established that excess APP is required
to observe AD neuropathology in DS, as analysis of a sin-
gle DS patient with partial trisomy 21 that excluded APP
revealed no evidence of amyloid deposition at 78 years
of age (39). Recently, duplication of the APP locus in five
independent families was reported to cause autosomal
dominant early-onset AD with cerebral amyloid angio-
pathy with a mean clinical age of onset of dementia by
52 years in 19 affected individuals (40). None of these
affected individuals had other features of DS, such as
mental retardation, before the onset of clinical dementia.
However, the relationship between APP gene dose and
APP expression in DS is not simple. Increased APP mRNA
has been reported in fetal and adult DS brain (71-73), yet
several studies have failed to observe significantly increased
APP protein levels in DST compared with control brains
(74-76). Immunohistochemical analysis of postnatal DS
brain suggests that the neuronal staining intensity of APP
protein increases during aging (75), although a recent
study found no association between total APP levels and
age (69). Interestingly, a survey of 41 genes on chromo-
some 21 demonstrated that APP exhibited the highest
degree of interindividual variability of expression (77),
suggesting that individual differences in APP expression
levels may also partly account for the varying ability to
detect APP overexpression in different DS patients. In
our cohort, we failed to observe significant APP over-
expression in DS cortex when evaluated by quantitative
RT-PCR, Western blot, or ELISA. Although a clear trend
toward increased APP mRNA levels was evident, total APP
protein levels were similar in our DS and control cohorts.

In contrast to APP, we consistently observed a robust
2-fold increase in ABCG1 mRNA levels in DS compared
with control cortex, consistent with published microarray
findings that ABCG1 mRNA levels are increased by 1.43-
fold in DS brain and by 1.23-fold in fetal DS cells (73, 78).
ABCGI protein levels were also 2-fold more abundant in
DS brain compared with controls. These data clearly show
that ABCG1 is overexpressed in DS, which may result in
increased processing of APP beyond that accounted for
solely by increased APP levels.

This study suggests that the accelerated onset of AD
neuropathology in DS may also involve alterations in in-
tracellular lipid trafficking mediated by overexpression of
the cholesterol transporter ABCG1. ABCG]1 is a half-sized
transporter, and the results of several studies, including
ours, have demonstrated that ABCG1 can function as a
homodimer. This suggests that the inheritance of excess
ABCGI1 gene dose in DS may be sufficient to increase
functional ABCGI1 activity without necessarily invoking a
requirement for increased levels of other half-sized trans-
porters such as ABCG4 that may heterodimerize with
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ABCGI. Here, we have demonstrated a novel property
of ABCGI in promoting the cell surface presentation of
APP and leading to its increased proteolytic processing by
secretases. In vivo, ABCG1 is highly expressed in neurons,
overexpressed in DS brain, and associated with increased
AB and sAPPa levels in human postmortem tissue. Our
observations support the hypothesis that excess ABCGI1
in DS may result in an altered distribution of APP that
facilitates the generation of neurotoxic AP species and
accelerates the onset of AD neuropathology. Bl
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