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ABSTRACT 

With the use of a novel method for detecting differential gene expression, alterations in 
functional gene clusters related to transport or oxidative stress response and β-amyloid (Aβ) 
peptide metabolism were identified in a HEK293 cell line engineered to overexpress the human 
ATP binding cassette transporter ABCA2. These included fatty acid binding protein, 
phospholipid binding protein, phospholipid synthesis protein, transporter cofactors, seladin-1, 
Aβ precursor protein (APP), vimentin, and low-density lipoprotein receptor-related protein. 
ABCA2 was highly expressed in neuroblastoma cells and colocalized with Aβ and APP. 
Additionally, increased APP protein levels were detected within ABCA2/APP double-transfected 
cells, and increased Aβ was detected in the media of ABCA2-transfected cells relative to 
controls. The transporter was abundant in the temporal and frontal regions of both normal and 
Alzheimer’s disease (AD) brain but was detected at lower concentrations in the parietal, 
occipital, and cerebellar regions. The ABCA2 transfected cell line expressed resistance to a free 
radical initiator, confirming involvement in protection against reactive oxygen species and 
suggesting a further possible link to AD. 
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he 49 genes of the human ABC transporter family are characterized by the presence of an 
ATP binding cassette unit, which is composed of Walker A and B motifs and an ATP 
binding cassette signature between them (updates: http://nutrigen.4t.com/humanabc.htm). 

The ABC family has been divided into seven subfamilies, ABCA to ABCG. Although substrate 
specificities and functions have yet to be ascribed for the majority of these transporters, there is a 
growing literature linking mutations with human disease states. For example, ABCA4 has been 
associated with Stargardt disease (1) and mutations in ABCA1 have been linked to Tangier 
disease and familial high-density cholesterol deficiency syndrome (2). 

An initial indication of a function for human ABCA2 was gained from the observation of a gene 
amplification in a region of chromosome 9q34 in an estramustine-resistant human ovarian 
carcinoma cell line (3). Manipulation of the expression of ABCA2 by transfection or antisense 
treatments caused a corresponding increase or decrease in resistance to estramustine (3, 4). 

T 
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ABCA2 expression has also been associated with myelination and rat nervous system 
development (5). The expression of ABCA2 in macrophages has been found to respond to 
cholesterol loading (6). Since ABCA2 is localized in the endolysosomal compartment of the cell 
(4), it seemed plausible that it may serve to sequester multiple substrates into these vesicles and 
influence how material is processed within this compartment. 

Our initial goal was to identify those gene products that may be altered in the cellular response to 
the forced expression of high levels of ABCA2. To this end, standard DNA microarray 
technology is somewhat limited by low sensitivity for genes with small quantitative expression 
changes (7). Amplified differential gene expression (ADGE) microarray, developed in this 
laboratory, magnifies the ratios of differential gene expression (8, 9) and improves detection 
sensitivity and fidelity, while reducing the requirement for biological material and maintaining 
high throughput. This method has been successfully applied to a drug-resistant cell line resulting 
in characterization of genes that are overexpressed in the drug-resistant phenotype (9). In the 
present study, ADGE microarray was used to profile the gene expression of an ABCA2-
transfected cell line. The data indicate that concomitant adaptations in expression of transport 
and oxidative stress response-related gene clusters occur. Oxidative stress, indicated by the 
generation of reactive oxygen species leading to protein oxidation and lipid peroxidation, has 
been found to be elevated in Alzheimer's disease (AD) brain tissue (10, 11). Cells exposed to a 
segment of the amyloid β-peptide (Aβ, 25-35) develop detectable levels of free radicals in 
minutes, and these can initiate lipid peroxidation (12). In addition, Aβ1-42 causes protein 
oxidation and death of neuronal cells (11). An indication from our present analysis is that 
increased expression of ABCA2 may be causally linked with altered expression of genes 
associated with the pathogenesis of AD. 

METHODS 

Tissues and cell lines 

The A16 cell line was derived from the HEK293 cell line by transfection with a 7304 bp Hind 
III/EcoR1 ABCA2 fragment subcloned into the pcDNA 3.1 vector (Invitrogen, Carlsbad, CA). 
The C1 cell line is the parental HEK293 transfected with the pcDNA3.1 vector (4). Both cell 
lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 50 
µg/ml streptomycin, 50 units/ml penicillin, 2 mM glutamine, 10% (v/v) fetal bovine serum, and 
0.9 mg/ml G418.  
 
Neuroblastoma cells 
 
Human BE(2)-M17 neuroblastoma cells were obtained from the American Type Culture 
Collection (ATCC, Rockville, MD) and maintained in 1:1 modified Eagle’s medium/Ham’s F12 
supplemented with 10% fetal bovine serum and 100 mg/ml streptomycin/penicillin at 37°C, 5% 
CO2. 
 
ABCA2 and APP double-transfected cells 
 
293 EBNA (Invitrogen, Carlsbad, CA) cells stably transfected with wild-type amyloid precursor 
protein-695 (WT6 cells) were cultured in DMEM supplemented with sodium pyruvate (1 mM) 
and 10% fetal calf serum. Cells were plated at a density of 105 cells per well in 35 mm2 culture 
dishes (Falcon™) 18 h before transient transfection. Cultures were then transfected for 48 h with 
the use of a Fugene-6 transfection procedure (Boehringer Mannheim, Laval, QC) that entailed 
the use of 2 µg DNA at a DNA:Fugene-6 ratio of 1:3. Control cells were transfected with a 
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construct referred to as pCEPβGal, which is a vector backbone composed of pCEP4 (Invitrogen) 
into which the LacZ sequence was inserted. An ABC Cntl cell line was developed by 
transfecting WT6 cells with an ABC transporter of approximately the same size as ABCA2 
cloned by Active Pass Pharmaceuticals and subcloned in the pCEP4 vector. The ABCA2 cell 
line was developed by transfecting WT6 cells with ABCA2 cDNA in the pCEP4 vector. 

ADGE microarray 

Both A16 and C1 cells were harvested at ~80% confluence and used for RNA isolation with 
RNeasy Maxi Kit (Qiagen, Valencia, CA). The total RNA was used for ADGE microarray (9). 
Briefly, 10 µg of total RNA were reverse-transcribed into single-stranded cDNA with 
oligo(dT)12-18. Then the double-stranded cDNA for C1 and A16 was generated with the cDNA 
Synthesis System (Life Technologies, Rockville, MD). After phenol extraction and ethanol 
precipitation, the cDNA was resuspended in 25 µl of ddH2O. Both C1 and A16 cDNA were 
digested with 3 µl (30 units) of the restriction enzyme TaqI in a final volume of 30 µl. The TaqI 
fragments of C1 cDNA were ligated with the CT adaptor at 16°C overnight with 3 µl (9 units) of 
T4 ligase (Promega, Madison, WI), while the TaqI fragments of A16 cDNA were ligated with 
the TT adaptor. Fifteen microliters each of the adapterized C1 cDNA and A16 cDNA were 
mixed with 30 µl of 2x HB buffer in a final volume of 60 µl, denatured at 95°C for 5 min, and 
annealed at 68°C for 20 h. The reassociated DNA was used for generating the C1 and A16 probe 
DNA. To generate C1 probe, a PCR reaction was set up with 1 µl of the reassociated DNA, 5 µl 
of 10x Clontech PCR buffer, 1 µl of 10mM dNTPS, 2 µl of 10 µM CT primer, 1 µl of Clontech 
cDNA polymerase, and 34 µl of ddH2O. In the PCR reaction for the A16 probe DNA, TT primer 
was used instead of CT primer. The reaction cycling conditions were 72°C for 5 min (for filling 
in the adaptor ends), 94°C for 1 min; then 25 cycles of 94°C for 30 s, 66°C for 30 s, 72°C for 60 
s; and then 72°C for a 5 min extension. Three PCR reactions were set up for each probe. The 
PCR reactions were purified with Qiagen PCR purification kit and then incorporated with 
aminoallyle-dUTP (aa-dUTP) by using the following PCR reaction: 42 µl of the C1 elute, 5 µl of 
10x Clontech PCR buffer, 1 µl of 10mM aa-dUTP/dNTPS (6 mM aa-dUTP, 4 mM dTTP, 10 
mM of dGTP, dCTP, and dATP each), 1 µl of 10 µM CT primer, and 1 µl of Clontech cDNA 
polymerase. For the A16 elute, TT primer was used instead of CT primer. The reaction cycling 
conditions were 94°C for 1 min; then three cycles of 94°C for 30 s, 64°C for 30 s, 72°C for 60 s; 
and then 72°C for 2 min extension. Three reactions of C1 or A16 DNA were combined together, 
then purified with ethanol precipitation, and resuspended in 7.5 µl coupling buffer. The C1 and 
A16 probes were coupled with the same volume of Cy3 and Cy5 dyes, respectively, at room 
temperature. The coupling reaction was ended by adding 50 µl 100 mM sodium acetate, purified 
with Qiagen PCR purification kit, eluted into 50 µl warmed H2O (45°C), and reduced to a final 
volume of 7.5 µl with a speed vacuum. The C1 and A16 probe was mixed with 3.75 µl of 20x 
SSC, 0.75 µl of 10% SDS, 1.5 µl of 1 µg/µl salmon DNA, and 1.5 µl of 50x Denhardt’s solution, 
denatured at 95°C for 5 min, cooled on ice, and incubated at 42°C for 15 min. The denatured 
Cy3 (C1) and Cy5 (A16) DNA were mixed and loaded onto a microarray chip. A hybridization 
chamber was assembled with the microarray chip and submerged in a water bath at 60°C 
overnight. The microarray chip was washed in wash buffer I (2x SSC, 0.1% SDS) for 5 min, then 
in wash buffer II (1x SSC) for 5 min, and wash buffer III (0.2x SSC) for 5 min. The slide was 
dried by centrifuging at 650 rpm for 5 min and scanned with Affymetrix 428 array scanner using 
the Cy3 and Cy5 channels. Two replicates were performed on the three sets of human microarray 
chips containing 45,000 genes in total (chips were made at the Fox Chase Cancer Center 
Microarray Facility). 
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Analysis of microarray data 

The spots from the microarray images were quantified with ImaGene4.1 (Biodiscovery, Los 
Angeles, CA). The Cy3 and Cy5 data were integrated into a dataset and transformed with 
GeneSight3.0 (Biodiscovery) by using the following sequence: local background correction, 
removal of flagged spots, logarithm of base 2, ratio calculation, and linear regression 
normalization. The transformed data were exported into Microsoft Excel. M values 
[log2(Cy5/Cy3) = log2Cy5- log2Cy3] were calculated for each gene. M represents the ratios in 
the power of 2, with positive values for up-regulated genes (Cy5/Cy3), negative values for down-
regulated genes (Cy3/Cy5), and zero for unchanged genes. Differentially expressed genes were 
identified, and their functions, where known, were annotated. 

RT-PCR 

Quantification of seven genes (4 up-regulated, 3 down-regulated), along with the actin gene, was 
performed to verify the results of ADGE microarray with RT-PCR. Primers for RT-PCR were 
designed with Software OLIGO 4.0 based on the sequences of the genes corresponding to the 
identified spots on the chip. The total RNA samples of C1 and A16, used for ADGE microarray, 
were reverse-transcribed with Superscript II reverse transcriptase. Serial dilutions were made for 
templates to ensure amplification in the linear range. For genes examined by gel quantification of 
RT-PCR bands, the cDNA templates of the two samples were normalized to expression of β-
actin. For each gene, specific PCR cycle conditions were selected to optimize the levels of 
differential expression. PCR results within the linear range were selected, and bands were 
quantified using the Kodak 1-D image analysis software program (Scientific Imaging Systems, 
Eastman Kodak Company). For genes examined by real time PCR, cDNA and primers were 
prepared the same way. Reactions were performed on the Cepheid Smart Cycler using the 
Qiagen Sybr Green kit. 

Quantification of expression of the selected genes was calculated as described by Su et al. (13). 
Briefly, the CT value, or the cycle at which significant levels of PCR product are detected, is 
determined for each gene and the calibrator (18S). The relative CT for each set of primers was 
determined using the Eq. 2-∆∆CT, where ∆CT is determined by subtracting the 18S rRNA CT value 
from the gene CT value. ∆∆CT was calculated by subtracting the average calibrator (C1) ∆CT 
from the tester (A16) ∆CT. Three trials for each PCR were performed, and values were averaged. 

Cytotoxicity assays 

The cytotoxicity of AAPH (2,2′-azobis-(2-amidinopropane)) was determined using a 
colorimetric assay. Briefly, C1 and A16 cells were plated at 2000 cells per well in a 96-well plate 
and allowed to grow for 3-4 h. Serial dilutions of AAPH were added, and cells were cultured at 
37°C with 5% CO2 for times indicated in the figure legends. At the end of the incubation, cells 
were fixed by adding TCA for a final concentration of 10% and were incubated at 4°C for 1 h. 
TCA was removed, and the plate was air dried. Fixed cells were treated with 0.4% 
sulforhodamine B (SRB)/1% acetic acid in each well and incubated at room temperature for 30 
min. Excess SRB was removed by washing with 1% acetic acid, and plates were air dried. 
Finally, 10 mM unbuffered Tris base were added to each well, and the plate was read at 560 nm 
on a spectrophotometer. Average readings of each row were calculated and converted to 
percentage of control. 
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Immunofluorescence and confocal microscopy 

Cells were prepared for immunofluorescence by standard methods. Fixation was accomplished 
by -20°C methanol or by 4% paraformaldehyde with 0.1% Tween 20. Primary antibodies used 
were a polyclonal rabbit anti-ABCA2 and monoclonal antibodies against APP (Zymed 
Laboratories, Inc., San Francisco, CA) and Aβ (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) 
at dilutions of 1:100. Secondary antibodies used were species specific for the primary antibodies 
and were conjugated with Rhodamine Red X (ABCA2) and Cy2 (APP or Aβ; Jackson 
ImmunoResearch Laboratories, Inc., West Grove, PA). A Mowiol antifade in glycerol was used 
in an aqueous mounting medium. 

Immunofluorescently stained cells were imaged using a Bio-Rad MRC-600 laser scanning 
confocal microscope (LSCM). With the use of the two photomultiplier (PMT) setting on the 
LSCM, dual acquisition of Cy2 and Rhodamine Red X was accomplished. Optical sections were 
acquired with 60x and 100x objectives using a 0.5 µM step size. The volumes were rendered 
using Voxel View (Vital Images, Plymouth, MN). 

ABCA2 immunoblot quantitation 

To determine relative levels of ABCA2 in white and gray matter of the five lobes, immunoblots 
were performed on brain samples from these regions. Frozen brain samples were used from 
patients with no brain pathology, AD, or schizophrenia confirmed by postmortem examination as 
described by Schmidt et al. (14). White and gray matter were separated manually, placed in high 
salt buffer (0.75 M NaCl, 0.02 M NaF in TBS) with proteolysis inhibitors, and homogenized. 
Insoluble material was removed by centrifugation at 100,000 g, and the supernatant was 
separated by SDS-PAGE. SDS gels were transferred to nitrocellulose membranes and probed 
with a polyclonal anti-ABCA2 antibody, and appropriate secondary antibody and bands were 
detected using the ECL system (Amersham Biosciences). The membranes were also probed with 
an anti-actin primary and appropriate secondary antibody for quantitation/standardization. 
Images of the blots were scanned and densitometry was measured using the Kodak 1-D image 
analysis software program (Scientific Imaging Systems, Eastman Kodak Company). Lanes and 
bands were found by the program and adjusted if necessary. 

APP detection 

After the 48 h transient transfection with ABC Cntl and ABCA2, the double-transfected cells 
were washed once with warm PBS (37°C) and then exposed to DMEM supplemented with 
sodium pyruvate (1 mM) for 4 h. The cells were then washed once with PBS; harvested in 100 µl 
of ice-cold lysis buffer containing 20 mM MOPS (pH 7.2), 5 mM EDTA, 0.01% Nonidet P-40, 
75 mM β-glycerol phosphate, and a cocktail of protease inhibitors (Boehringer Mannheim); and 
sonicated on ice for 8 s using a probe sonicator. Cellular APP levels were quantitated by 10% 
Tris-Glycine SDS-PAGE Western blot analysis using an anti-APP N-terminal antibody (22C11, 
Boehringer Mannheim; 15, 16). Immunoreactive bands were visualized using ECL detection 
(Amersham, Oakville, ON) and quantified with standard densitometry. 

Aβ detection 

To examine Aβ levels, the harvested culture media were subjected to trichloroacetic acid 
precipitation. The pellet was resuspended in Laemmli buffer, and the normalized levels of 
protein were subjected to electrophoresis on a 16.5% Tris-Tricine sodium dodecyl sulfate gel as 
described previously (15, 16). Total Aβ was measured using monoclonal antibody 6E10 (Senetek 
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Research, Maryland Heights, MO). Bands were visualized using ECL detection (Amersham) and 
analyzed by standard densitometric techniques. 

RESULTS 

Transport function and oxidative stress response gene cluster identification 

With the use of a screening strategy that permitted the analysis of 40,000 genes on three sets of 
chips, 152 genes were detected with greater than threefold changes (M>1.5) in replicate samples 
of control and ABCA2-transfected cells (Table 1). Among them, 100 genes were up-regulated 
and 52 genes were down-regulated. Among 68 annotated genes, 22 were associated with 
transport functions and 6 with oxidative stress response and/or pathogenesis of AD (Table 2). 
Expression changes of these genes were consistent among replicates, and differential expression 
for a selection of the genes was quantifiably confirmed by RT-PCR (Table 3). 

As shown in Table 2, the 22 genes from the transport-related group can have roles in transport, 
membrane composition, substrate binding, and metabolism. For example, syntaxin 11 is a 
member of the syntaxin family, with a potential role in regulating vesicle docking and fusion 
(17). Syntaxin 1A has been shown to interact with the GABA transporter GAT1 in rat brain (18), 
and syntaxin 6 may be involved with glucose transport through the transporter Glut4 (19). 
Therefore, it is plausible that syntaxin 11 may act as a cofactor for ABCA2. The OCSYN protein 
has been shown to interact with syntaxin (20). CACNA2D2 is a voltage-dependent calcium 
channel. DOC2, with double C2-like domains, interacts with Ca2+, and phospholipids and may 
have a role in Ca2+-dependent intracellular vesicle trafficking in cells (21). Stomatin is a major 
lipid-raft component of platelet α granules. Lipid rafts have cholesterol and sphingolipid-rich 
domains that are also involved in intracellular trafficking (22). 

Several substrate binding genes were identified. Chromogranin A has a role in steering secretory 
proteins into a regulated pathway. Expression of the gene is regulated through MAP kinase 
pathways and is influenced by secretin levels (23). Copine I is a Ca2+-dependent phospholipid 
binding protein. Expression of fatty acid binding protein 7 was increased while fatty acid binding 
protein 5 was decreased. Autotaxin is involved in the synthesis of the bioactive phospholipid, 
lysophosphatidic acid. SULT1A3 and SULT1A2 catalyze sulfate conjugation in the metabolism 
of drugs and hormones, and angiopoietin-like 3 has a role in regulating lipid metabolism (24), 
suggesting that phospholipid may be a candidate substrate for ABCA2. 

Six genes linked with oxidative stress response and pathogenesis of AD were identified (Table 
2). For example, seladin-1 is an oxido-reductase that has been shown to confer resistance to 
oxidative stress and its expression has been shown to be down-regulated in the affected areas of 
AD (25, 26). Vimentin is an oxidation sensitive protein, and is known to be up-regulated in cells 
exposed to Aβ (27). Slc23a1 is a sodium-dependent vitamin C transporter. Both APP and low-
density lipoprotein receptor-related protein have been correlated with the pathogenesis of AD 
(28, 29). Calcineurin is a calcium- and calmodulin-dependent protein phosphatase and has also 
been linked with tau hyperphosphorylation in AD (30). 

ABCA2 association with oxidative stress response and AD 

Although the observed changes in transport-related gene expression after ABCA2 transfection 
were not unexpected, the apparent connection between ABCA2 and oxidative stress/AD was 
interesting enough to merit further study. Initially, cytotoxicity assays showed that ABCA2-
transfected cells were more resistant than mock transfected to oxidative stress induced by AAPH 
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(Fig. 1). This chemical generates free radicals that cause lipid, protein, and nucleic acid oxidation 
and peroxidation. We have previously shown that ABCA2 transcript levels are high in brain 
tissue (4). Autopsy samples of human brain tissue were analyzed by immunoblot of SDS-PAGE 
separated protein, and immunoreactive bands were scanned and quantified using actin as loading 
control. Densitometric quantitation showed that ABCA2 levels were highest in temporal and 
frontal regions of the AD brain, with lower, but significant levels, in parietal, occipital, and 
cerebellar regions (Table 4); however, similar ABCA2 protein expression patterns were also 
observed in schizophrenia samples. These data suggest that although no significant quantitative 
differences were apparent, qualitative expression of the transporter in specific brain regions does 
occur. Further, the AD pathology is variably distributed within affected regions (e.g., frontal and 
temporal lobes of AD brains), which is readily evident by microscopy. Although 
immunohistochemistry did not reveal any concentrated expression within these regions (data not 
shown), the immunoblots do reflect average changes in an entire brain homogenate that may 
obscure potentially significant focal changes in protein concentrations in the AD brain. 

ABCA2 colocalization and coexpression with APP and Aβ 

Confocal microscopy images showed that ABCA2 colocalized with both Aβ and APP in BE(2)-
M17 neuroblastoma cells (Fig. 2). The protein levels of APP increased in a manner consistent 
with the expression pattern of ABCA2 in WT6 cells (Fig. 3). The differences from the control 
vector and ABC Cntl were significant with Tukey's post hoc test at P < 0.05. The difference 
between ABC Cntl and the control vector did not reach statistical significance. Introduction of 
ABCA2 in WT6 cells also raised the level of Aβ significantly (P<0.05) when compared with the 
control vector and ABC Cntl (Fig. 4). However, introduction of ABC Cntl did not change the Aβ 
levels significantly. Therefore, the changes in expression levels of APP and Aβ were associated 
specifically with ABCA2. 

DISCUSSION 

In the present study, we used a sensitive technique for measuring differential gene expression 
and determined those cellular adaptations that are a consequence of overexpression of the 
ABCA2 transporter in HEK293 cells. Gene expression measurements by this laboratory and 
others have documented that ABCA2 is highly expressed in the brain. The levels produced in the 
HEK 293 overexpressing cell line are comparable to the endogenous levels measured in several 
neuroblastoma cell lines that we have studied (4, 31, 32). We believe that the genes identified in 
this screen represent physiological changes in response to elevation of ABCA2 expression. With 
the use of a threefold threshold in the initial screen, 100 genes were found to have increased 
expression. Of these, two identifiable cluster patterns emerged. In particular, the altered 
expression of transporter related gene products shown in Table 2 would support the hypothesis 
that an imbalance caused by the enhanced levels of ABCA2 may cause compensatory 
adaptations in the expression of these related gene products. In the transfected cells, the 
expression level of the calcium channel gene CACNA2D2 and its potential cofactor DOC2 was 
decreased, while a possible cofactor of ABCA2, syntaxin 11, was increased. Three genes coding 
for phospholipid or fatty acid binding proteins and two for phospholipid/lipid metabolism were 
also identified. Such expression data point to the association of ABCA2 with lipid and/or steroid 
transport, also providing an indirect link with AD. Although these adaptations may be linked 
with particular functional roles, equally intriguing was the cluster of genes more directly related 
to oxidative stress and AD, particularly APP and Aβ. 

We have previously reported that ABCA2 expression is elevated in response to chronic exposure 
to the estrogen-based anticancer drug estramustine. This agent is a complex of nor-nitrogen 
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mustard and estradiol and crystallographic studies showed that it maintains the three-dimensional 
properties of the steroid ring system (33). Although its anti-tumor properties have been attributed 
to an unusual anti-microtubule activity (34, 35), in vivo, the drug does produce estrogenic effects 
(36). Transient transfection of ABCA2 resulted in a 2- to 3-fold increase in resistance to both 
estramustine and β-estradiol (37), and previous results with antisense treatment produced a 
sensitization to estramustine (3). These results suggest that there is a connection between 
ABCA2 function and steroid transport. 

ABCA2 has been localized to the endolysosomal subcellular compartment (4). Here we present 
data showing a colocalization of the transporter with APP and Aβ in discrete intracellular 
vesicles. These same vesicles also stain positively for endolysosome markers LAMP1 and 
LAMP2 (data not shown). The topological orientation of ABCA2 in the membrane of these 
vesicles has not yet been determined. It is presumed that the transporter will convey material 
from the cytosol into the endolysosome compartment, in effect sequestering cytotoxic 
compounds into an "inert" compartment. Subsequent processing within the vesicle could be 
expected to detoxify these cytotoxic compounds and enhance cell survival. For example, with the 
oxidizing agent AAPH, a broad range of oxidized and peroxidized by-products might be 
expected. In particular, we detected lipid peroxides at high levels in the treated cells (data not 
shown). ABCA2 sequestration of these products into the endolysosome compartment could serve 
to protect the cell by limiting damage to critical membrane components. The Aβ peptide has 
marked cytotoxicity in cultured cells and induces free radical formation, protein oxidation, and 
lipid peroxidation (11). Colocalization of this peptide with ABCA2 in these vesicles would also 
support a functional link between the two. It is also pertinent to note that APP undergoes axonal 
transport, and APP may be cleaved after transport in axons to generate Aβ, a process that could 
be accomplished in the endolysosomal compartment. It is also significant to note that one 
pathological hallmark of AD is the formation of senile plaques that contain the peptide Aβ, the 
cleavage product of APP. Our results demonstrate the expression of both AD biomarkers was 
specifically associated with the increased expression of ABCA2, further strengthening the 
connection between ABCA2 and the pathogenesis of AD. 

ABCA2 shares a high degree of homology with ABCA1 (46%), although the latter is located in 
the plasma membrane (38). The involvement of ABCA1 in reverse-cholesterol transport and 
ABCA1 deficiency in Tangier disease provided impetus to consider that the homologous family 
member ABCA2 may also have a functional role in the regulation of cholesterol homeostasis. 
ABCA2 expression is elevated in macrophages treated with enzymatically-degraded low-density 
lipoprotein (eLDL) and this evidence suggests that ABCA2 may have a function in the 
trafficking of LDL-derived cholesterol (6). The uptake and trafficking of LDL to the 
endolysosome for the release of free cholesterol and colocalization of ABCA2 to this 
compartment suggest a possible role for ABCA2 in the trafficking of LDL-derived cholesterol. 
Once again, such a connection would not be inconsistent with a link to AD. 

Figure 5 provides a scheme for how those genes altered by ABCA2 overexpression might be 
involved in pathways of oxidative stress response and the pathogenesis of AD. The forced 
overexpression of ABCA2 could necessitate an adaptive cellular response resulting in a 
quantitative alteration in the expression of cofactor proteins necessary for ABCA2 function. 
Overall, our present data confirm the high level of expression of ABCA2 in human brain, 
particularly in two regions (frontal and temporal). Pathology of these two regions, together with 
the parietal, has been previously implicated in AD (39, 40). 

In summary, in this study a number of independent lines of enquiry point to a possible 
cause/effect relationship between ABCA2 expression and the etiology of AD: 1) with gene 
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expression profiling of ABCA2 transfectants, a number of accompanying changes involve genes 
linked with the disease, either through transport functions or in pathways dealing with reactive 
oxygen species. 2) Colocalization in the endolysosomal compartment and coexpression of 
ABCA2 with both Aβ and APP occurs. 3) Overexpression of ABCA2 causes increased protein 
levels of APP and Aβ. 4) Toxicity produced through oxidation of lipids or proteins is abrogated 
by enhanced ABCA2 expression. 5) ABCA2 expression is high in frontal and temporal regions 
of the brain. 
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Table 1 

Differentially expressed genes between C1 and A16 

Slide 
Total 
genes 

on slide 

Genes of 
differential 
expression 
(>3-fold) 

Genes of 
known 

function 

Genes of 
unkown 
function 

  Genes  
up-

regualated 

 Genes  
down-

regulated 

I 15,000 40 14 26 39 1 

II 10,000 36 25 11 14 22 

III 15,000 76 45 31 47 29 

Total 40,000 152 84 68 100 52 
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Table 2 

Functional groups of differentially expressed genes 

Gene ID–gene name M, 
replicate 1 

M, 
replicate 2 

Transporter related   
R33852–syntaxin 11 2.4   1.73  
T61269–hypothetical protein FLJ20366, OCSYN -1.62  -3.06  
AA598868–coatomer protein complex, subunit β 2.88   1.65 
H79351–homologue of yeast Golgi membrane protein Yif1p 2.10  3.83 
AA461071–solute carrier family 23 member 1 2.39 1.95 
N53512–calcium channel, α 2/delta 2, CACNA2D2 -2.18 -1.64  
AI478508–double C2-like domains, β -2.94 -2.01 
R39936–stomatin (EBP72)-like 1 -2.12 -1.69 
AA504785–nucleoporin 153kD 2.25   2.78  
   
Membrane components   
AA862371–transmembrane protein 2 1.63   1.52 
W46985–matrix metalloproteinase 24 2.10   2.62 
   
Substrate binding    
AA976699–chromogranin A (parathyroid secretory protein 1) 2.89   1.70 
AA485922–copine I 1.82   2.16 
W72051–fatty acid binding protein 7, brain 2.01   1.66 
N47717–fatty acid binding protein 5 (psoriasis-associated) -1.50  -2.01 
   
Substrate metabolism   
R38717–ectonucleotide pyrophosphatase/phosphodiesterase 2 
(autotaxin) 

2.06   1.69 

AA398458–sulfotransferase family, cytosolic, 1A, member 3 2.23  2.36 
AI018607–sulfotransferase family, cytosolic, 1A, member 2 2.20   2.12 
AI335086–angiopoietin-like 3 -2.21 -1.67 
AA778196–UDP-Gal:betaGlcNAc β 1,4- galactosyltransferase 2.51 2.34 
AI360366–prolylcarboxypeptidase (angiotensinase C)  1.54  1.52 
AA025142–ferrochelatase (protoporphyria)  -2.15  -2.97 
   
Oxidative stress response and pathogenesis of Alzheimer’s 
disease 

  

AI057612–seladin-1 1.96   1.53 
W42849–amyloid β (A4) precursor protein 1.55   2.48 
AA486321–vimentin 1.78   1.65 
AI360371–LDL receptor-related protein 3 1.63   1.91 
AA461071–Slc23a1 (vitamin C transporter) 2.39  1.95 
AA065090–calsarcin-1 1.91   1.82 
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Table 3 

Comparison of detected expression levels with ADGE microarray and quantified RT-PCR 

Gene PCR detected change ADGE average 
Actina -1.01 1.1 
Copinea 1.54 1.99 
A-βa 1.35 2 
Seladina 1.58 1.75 
DOC2a -1.37 -2.48 
Stomatina -2.12 -1.91 
Vimentinb 2.14 1.715 
Ferrochelataseb -1.23 -2.56 
aPCR change measured by band quantitation from RT-PCR at cycles in linear range of amplification; bPCR change measured by real time PCR. 
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Table 4 

Comparative expression of ABCA2 in brain regions 

Brain region   Normal  Alzheimer Schizophrenic 

white 3.1 ± 1.9  1.44 ± 0.9 6.6 ± 6.2 Frontal 

gray 0.47 ± 0.2 2.55 ± 3.1 1.66 ± 0.6 

white 10.13 ± 1.21 14.95 ± 29.4 17.2 ± 5.0 Temporal 

gray 0.23 ± 0.08 0.36 ± 0.2 0.24 ± 0.07 

white 0.35 ± 0.12 0.33 ± 0.1 0.19 ± 0.16 Parietal 

gray 0.21 ± 0.09 0.28 ± 0.1 0.19 ± 0.09 

white 0.36 ± 0.07 0.35 ± 0.2 0.3 ± 0.12 Occipital 

gray 0.42 ± 0.21 0.4 ± 0.11 0.31 ± 0.11 

white 0.33 ± 0.1 0.31 ± 0.19 0.56 ± 0.25 Cerebellum 

gray 0.73 ± 0.18 0.63 ± 0.17 0.52 ± 0.15 
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Fig. 1 
 

 
 
Figure 1. Survival curves of C1 and A16 ABCA2 transfected cells after treatment with AAPH for 60 h. Cell survival  
is represented by the percentage of control. Standard deviations are represented with vertical bars. 
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Fig. 2 
 

 
 
Figure 2. Immunofluorescent images of neuroblastoma cells stained for ABCA2, β-amyloid, and APP. Merged 
images (right hand panels) demonstrate the colocalization of the transporter with both Aβ and APP. 
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Fig. 3 
 

 
 
Figure 3. Cellular APP levels in cells transiently transfected with vector, ABC Cntl, and ABCA2. The top panel is 
Western blotting, and the bottom panel is quantified densitometry relative to control. Data are expressed as means ± SE 
with n = 5 and statistical significance determined by ANOVA with Tukey’s post hoc test at *P < 0.05. 

 

Page 19 of 21
(page number not for citation purposes)



Fig. 4 
 

 
 
Figure 4. Aβ levels in media of cells transiently transfected with the control vector, ABC Cntl and ABCA2. The top 
panel is the Western blotting and the bottom graph represents the corresponding densitometric values. Data are means ± 
SE with n > 3 and statistical significance determined by ANOVA with Tukey’s post hoc test at *P < 0.05. 
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Fig. 5 
 

 
 
Figure 5. Differentially expressed genes associated with oxidative stress and pathogenesis of AD. This diagram is 
constructed from published references, cited in the text. The arrows indicate association between genes and between a 
gene and a pathway. The underlined genes were differentially expressed in the ABCA2 transfected cell line and can be 
found in Table 2. 
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