
Gene 488 (2011) 1–12

Contents lists available at ScienceDirect

Gene

j ourna l homepage: www.e lsev ie r.com/ locate /gene
The Alzheimer's amyloid β-peptide (Aβ) binds a specific DNA Aβ-interacting domain
(AβID) in the APP, BACE1, and APOE promoters in a sequence-specific manner:
Characterizing a new regulatory motif

Bryan Maloney a, Debomoy K. Lahiri a,b,⁎
a Laboratory of Molecular Neurogenetics, Department of Psychiatry, Institute of Psychiatric Research, Indiana University School of Medicine, Indianapolis, IN 46202, USA
b Department of Medical and Molecular Genetics, Indiana University School of Medicine, Indianapolis, IN 46202, USA
Abbreviations: AD, Alzheimer's disease; APOE, apol
intracellular domain fragment; APP, Aβ-precursor prote
gene; ASCL1, achaete–scute complex homolog 1 g
transcription factory complex; Aβ, amyloid beta-peptid
enzyme 1/β-secretase gene; EMSA, electrophoretic mo
AD; HSE, heat shock element; OLIG2, oligodendrocyte
gene; p53, tumor protein 53; SNP, single-nucleotide p
carrier family 38 member 1 gene; TP53, tumor protein 5
⁎ Corresponding author at: 791 Union Drive, Indiana

317 274 2706; fax: +1 317 274 1365.
E-mail address: dlahiri@iupui.edu (D.K. Lahiri).

0378-1119/$ – see front matter © 2011 Elsevier B.V. Al
doi:10.1016/j.gene.2011.06.004
a b s t r a c t
a r t i c l e i n f o
Article history:
Accepted 6 June 2011
Available online 15 June 2011

Received by Astrid M. Engel

Keywords:
Alzheimer's disease
Amyloid beta
DNA–protein interaction
Gene regulation
Transcription factor
Deposition of extracellular plaques, primarily consisting of amyloid β peptide (Aβ), in the brain is the
confirmatorydiagnostic of Alzheimer's disease (AD); however, the physiological andpathological roleofAβ is not
fully understood. Herein, we demonstrate novel Aβ activity as a putative transcription factor upon AD-associated
genes. We used oligomers from 5′-flanking regions of the apolipoprotein E (APOE), Aβ-precursor protein (APP)
and β-amyloid site cleaving enzyme-1 (BACE1) genes for electrophoretic mobility shift assay (EMSA) with
different fragments of theAβpeptide.Our results suggest thatAβbound to anAβ-interactingdomain (AβID)with
a consensus of “KGGRKTGGGG”. This peptide–DNA interaction was sequence specific, and mutation of the first
“G” of the decamer's terminal “GGGG” eliminated peptide–DNA interaction. Furthermore, the cytotoxic Aβ25–35
fragment had greatest DNA affinity. Such specificity of binding suggests that the AβID is worth of further
investigation as a site wherein the Aβ peptide may act as a transcription factor.
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1. Introduction

Alzheimer's disease (AD) is the most common form of dementia in
the elderly (Hebert et al., 2003) and is associated with heterogeneous
risks including genetic, epigenetic, dietary, and lifestyle factors (Lahiri
and Maloney, 2010b). It is characterized by neuronal loss, intraneur-
onal tangles of hyperphosphorylatedmicrotubule-associatedτprotein
(MAPT), and extracellular deposition of β-amyloid peptide plaque.
This amyloid plaque is composed primarily of the amyloid β peptide
(Aβ), 39–42 amino acids in length (Lahiri et al., 2003; De Strooper,
2010). Aβ is a cleavage product of the Aβ precursor protein (APP) by
the β- and γ-secretases. Cleavage of APP by β-secretase or β-site APP
cleaving enzyme 1 (BACE1) releases the large extracellular domain of
APP (Hussain et al., 1999; Sinha et al., 1999; Vassar et al., 1999; Yan
et al., 1999), and subsequent cleavage by γ-secretase releases Aβ and
the APP intracellular domain fragment (AICD) (Kimberly et al., 2001).
Aβ can accumulate in neurons without plaque formation in both
humanAD cases and transgenic ADmodels (Gouras et al., 2000; Shie et
al., 2003). The non-pathological functions of Aβ in addition to its
activity in aging-related disorders, such as AD, aremultifaceted (Lahiri
and Maloney, 2010a), including but not necessarily limited to kinase
activation (Bogoyevitch et al., 2004; Tabaton et al., 2010), protection
against metal-induced oxidative damage (Zou et al., 2002; Baruch-
Suchodolsky and Fischer, 2009), regulation of cholesterol transport
(Yao and Papadopoulos, 2002; Igbavboa et al., 2009), and formation of
ion channels (Jang et al., 2010). However, the pathological role of Aβ is
not fully understood.

The greatest risk factor for AD is age (Thies and Bleiler, 2011). DNA
damage and changes in gene regulation have been reported in the
aging human brain (Lu et al., 2004). Specifically, aging of the human
cortex is characterized by a distinct transcriptional signature that
includes reduced expression of genes that mediate synaptic plasticity
and correlates with age-dependent DNA damage to the promoters of
these genes. Recent work also suggests an important transcriptional
role of several genes and their products in AD, including APP, AICD
(from APP), BACE1, and presenilin complex (Zhang et al., 2007;
Checler et al., 2010). We report results herein that Aβ interacts
directly with specific DNA sequences from regulatory region(s) of AD-
associated genes.

The APP gene is subject to complex regulation. Its promoter
includes distal (Lahiri et al., 1999) and proximal (Ge et al., 2004)
regulatory elements. The APP promoter also includes tissue–specific
elements (Lahiri et al., 2000; Ge et al., 2004). Coding sequence
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mutations in the APP gene are linked to autosomally–dominant AD
(Selkoe and Schenk, 2003). However, these are a minority of AD cases.
Links have been determined between the more common sporadic AD
and single–nucleotide polymorphisms (SNPs) in the APP promoter
(Lahiri et al., 2005; Guyant-Marechal et al., 2007; Lv et al., 2008).
Multiple transcription factors interact with the APP promoter,
including activator protein (AP)1, specificity protein (SP)1, and
upstream stimulatory factor (USF) (La Fauci et al., 1989; Lukiw
et al., 1994; Kovacs et al., 1995), among others. SP1 activation of the
APP gene may be subject to perturbation by environmental metal
exposures (Zawia et al., 1998). In addition to regulating APP, AP1, SP1,
and other shared transcription factors regulate other AD–associated
genes such as BACE1 (Christensen et al., 2004; Sun et al., 2005;
Dosunmu et al., 2009). In this context, our discovery of this sequence–
specific Aβ/DNA interaction opens an avenue for exploration of APP
gene self–regulation and participation of Aβ in co–regulation of other
AD–associated genes.

Extracellular Aβ is transported into the cell under oxidative and
heat stress (Bailey et al., 2011; Ohyagi et al., 2005; Ohyagi and Tabira,
2006; Ohyagi et al., 2007), and Aβ nuclear localization occurs under
the regulation of the Aβ-related death-inducing protein (AβDIP). Aβ
can also induce an increase in levels of the apoptosis-associated tumor
protein 53 (p53, gene name TP53) (Ohyagi et al., 2005), the
transcription factor achaete–scute complex homolog 1 (ASCL1)
(Uchida et al., 2007) and transcription of the BACE1 (Tabaton et al.,
2010) gene, while inducing reduction in levels of oligodendrocyte
lineage transcription factor 2 (OLIG2) gene expression (Uchida et al.,
2007). In the case of p53, this induction was from direct action of Aβ
upon the TP53 promoter, Aβ binding centered around a known heat
shock element (HSE), “GGATTGGGGT” (Ohyagi et al., 2005).

We identified similar decamers in the 5′-flanking sequences of the
APOE, APP, and BACE1 genes, all of which are implicated in the
pathogenesis of AD (Lahiri et al., 2002). These particular genes were
chosen since polymorphisms in the genomic sequences APOE, APP, and
BACE1 have been associated with AD (Lv et al., 2008; Maloney et al.,
2010; Wang and Jia, 2010). We generated thirteen 20-mer pairs, each
containing a decamer that had at least 80% homology to the TP53
decamer. We investigated decamers' interaction with different Aβ
peptides. Six of the oligomer pairs showed interaction with Aβ,
including the TP53 oligomer. The “positive” sequences were used to
generate a consensus, “KGGRKTGGGG”, and a similarity matrix with
the Target Explorer utility (Sosinsky et al., 2003). Negative controls
consisting of an HSE within the APP 5′-flanking region (La Fauci et al.,
1989) and an oligomer pair derived from APP promoter, both of which
had≤40% homology with the TP53 decamer, did not interact with Aβ.

Of particular interest, an oligomer pair containing a single-
nucleotide polymorphism (SNP) in one of the “positive” APP oligomer
pairs significantly reduced binding with both Aβ1–40 and Aβ1–42
peptides, although binding was not qualitatively reduced with the
Aβ25–35 peptide. The G→A substitution is a functional APP SNP that
we have previously associating with increased AD risk (Lahiri et al.,
2005). We also investigated the regions of the Aβ peptide that would
bind the DNA decamer and determined that maximum DNA binding
was obtainedwith the cytotoxic Aβ25–35 peptide. Taken together, we
have demonstrated DNA sequence-specific interaction with the Aβ
peptide. In one important instance, this specificity was to a SNP in that
APP gene that has been implicated in AD risk. This suggests functional
investigation of this interaction as a potential regulatory pathway for
control of Aβ and possibly in development of AD.

2. Materials and methods

2.1. Chemicals/reagents

Unless otherwise specified, reagents were purchased from Sigma
(St. Louis, MO) and were of “molecular biology” or “analytic” quality.
Enzymes were purchased from Roche (Indianapolis, IN). Cell culture
reagents were purchased from Invitrogen (Carlsbad, CA).
2.2. Aβ peptides and their fragments

Peptides Aβ1–42, 1–40, 1–28, 25–35, 29–40, 31–35, 42–1, 40–1,
and 35–25 were purchased as trifluoroacetic acid salts from Bachem
(Torrance, CA) and resuspended at stock concentrations of 1 mg/ml in
different solvents per manufacturer's recommendations. Consultation
with manufacturer indicated that peptides dissolved under these
conditions would be dimers or larger aggregates.
2.3. Synthesis of different oligomers representing putative AβIDs in the
regulatory regions of APOE, APP, BACE1, and TP53

The 5′-flanking regions of 4 genes (APOE, APP, BACE1, and TP53)
were selected for investigation. TP53 was chosen to as a “positive
control” for Aβ–DNA interaction (Ohyagi et al., 2005). APOE, APP, and
BACE1 were selected as genes with a strong contribution to AD
etiology. The TP53 HSE decamer, 5′-GGATTGGGGT-3′ (Ohyagi et al.,
2005) was used to identify potential Aβ-binding decamers within the
APOE (Paik et al., 1985; Du et al., 2005), APP (Lahiri and Robakis, 1991;
Hattori et al., 1997), and BACE1 (Christensen et al., 2004; Sambamurti
et al., 2004) 5′-flanking regions and introns upstream of the “ATG”
start codon. A minimum 80% homology to the TP53 sequence was
required for selection. Of the decamers located on these four
sequences, twelve were selected (Fig. 1). Twenty-mer pairs (Table 1)
of decamers plus flanking DNA were synthesized (Invitrogen),
annealed, and radiolabeled with 32γP-ATP via polynucleotide kinase
(Roche).
2.4. Electrophoretic mobility shift assay (EMSA) with Aβ1–42 peptide
and DNA oligomers

A quantity of 1 μg of Aβ1–42 peptidewas incubated in EMSA buffer
4 (ActiveMotif, Carlsbad, CA), supplemented with 25% glycerol, 0.04%
Triton X-100, for 20 min at room temperature (25 °C). Oligomer pairs
(50,000 CPM, approximately 75 pg), corresponding to sites at TP53
HSE (TP53 −1); APOE +171, +284, +660/+665 (two overlapping
sites); APP−1862,−2871,−3364,−3833G; and BACE1+36,−119,
−1766, −1939 were added, and incubation proceeded for an
additional 30 min. Reactions were analyzed on native 5% polyacryl-
amide tris–glycine-EDTA (TGE) gels. Gelswere dried andDNA–protein
interactions were visualized by autoradiography. EMSA was repeated
independently with Aβ1–42 and Aβ1–40, using the APOE APP, and
BACE1 oligomers pairs from the previous experiment, plus the
following additions: An oligomer pair based on APP −3833G with a
G→A substitution, which corresponded to a naturally occurring
single-nucleotide G↔A polymorphism at the sixth base of the
decamer beginning at −3833, i.e., −3829 in the APP promoter
sequence (Lahiri et al., 2005); a pair crossing a second APP promoter
polymorphism at −1023 (Lahiri et al., 2005), with 40% maximum
homology to the TPE decamer; and a pair corresponding to an HSE
within the APP promoter, with 40% maximum homology to the TP53
decamer. Films were scanned, and signals were densitometrically
quantified with ImageJ software package (Girish and Vijayalakshmi,
2004). To improve consistency of the data, the results for Aβ1–40 and
Aβ1–42 EMSA were combined. Data within each film was standard-
ized to that film's mean and standard deviation with the equation
x−m
s

, where x is densitometric reading, m is mean densitometric
readingswithin that gel, and s is sample standarddeviation of that gel's
readings. Data was analyzed byWaller–Duncan multiple range test to
determine a standardized densitometric cut-off between “non-
binding” and “binding” levels of DNA–peptide interaction.
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Fig. 1. Presence of Aβ-bindingmotifs (AβID)with 80% homology to p53 HSE sequence on APOE, APP, and BACE1 5′-flanking sequences. The 5′-flanking sequences of the APOE, APP, and
BACE1 geneswere searched for decamerswith at least 80% homology to the “GGATTGGGGT”Aβ-bindingHSE site of the TP53promoter (Ohyagi et al., 2005). Sitesmarkedwith “*”were
chosen for further study in this report. A. A region of the APOE gene from 2 kb upstream of the +1 TSS to the end of the first coding exon, which contains the first intron, (Paik et al.,
1985; Du et al., 2005) was searched. B. The APP 5′-flanking region from 4 kb upstream of the+1 TSS to the end of the first coding exon (Lahiri and Robakis, 1991; Hattori et al., 1997)
was searched. C. The BACE1 5′ flanking region from 3.8 kb upstream of the +1 TSS to the “ATG” start codon (Christensen et al., 2004; Sambamurti et al., 2004) was searched.
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2.5. Competition EMSA with Aβ1–42 and Aβ1–40 peptides and DNA
oligomers

Specificity of interaction between Aβ peptides and DNA sequences
was tested by homocompetition EMSA, using those oligomer pairs that
had previously shown interaction with Aβ. These were incubated as
described, with the addition of 140× molar excess unlabeled oligomer
pairs.

2.6. Concentration-dependency of Aβ peptide–DNA interactions

Reactionswere performedwith the oligomerpairsAPP−3833G,APOE
+660/+665, and BACE1 −119. The APP −3833G pair was reacted with
Aβ1–40 at 10, 100, 250, 500, and 1000 ng of peptide; with Aβ1–42 at 0.5,
1, 2, and 4 μg of peptide, with Aβ42–1 and 1–28 at 2, 4, and 10 μg of
peptide; and with Aβ25–35 at 10, 100, 250, and 500 ng of peptide. The
APOE +660/+665 and BACE1 −119 oligomers were reacted with Aβ1–
40, 1–42, 42–1, 1–28, and 25–35 at 500 ng and 1 μg of each peptide.

2.7. Determination of the protein-binding DNA consensus within
oligomer sequences

Sequences of five experimental potential AβID-containing 20-
mers that had greater than “non-binding” interaction by EMSA (see
Table 1
Oligomers generated for electrophoretic mobility shift (EMSA) assays.

Oligo Sequence

p53 −1F 5′-TGATGGGATTGGGGTTTTCC-3′
p53 −1R 5′-GGAAAACCCCAATCCCATCA-3′
APOE +171F 5′-GGTCGGGCTTGGGGAGAGGA-3′
APOE +171R 5′-TCCTCTCCCCAAGCCCGACC-3′
APOE +284F 5′-CAGCTGGACTGGGATGTAAG-3′
APOE +284R 5′-CTTACATCCCAGTCCAGCTG-3′
APOE +660/+665F 5′-AGGGAATGGGTTGGGGGCGG-3′
APOE +660/+665R 5′-CCGCCCCCAACCCATTCCCT-3′
APOE −899F 5′–CACAGGTATTGTGGTTTCCA-3′
APOE −899R 5′-TGGAAACCACAATACCTGTG-3′
APP −1862F 5′-AGTAGAGATGGGGGTTTCAC-3′
APP −1862R 5′-GTGAAACCCCCATCTCTACT-3′
APP −2871F 5′-AACTAGGATGGGGATGCTGT-3′
APP −2871R 5′-ACAGCATCCCCATCCTAGTT-3′
APP −3364F 5′-AAATAGAAATGGGGTATCTG-3′
APP−3364R 5′-CAGATACCCCATTTCTATTT-3′

a These oligomers were previously used in characterization of two APP — promoter poly
occurs at −3829 in the APP promoter sequence, represented by the −3833G and A oligom

b These oligomers were selected as negative controls due to low (≤50% homology) to th
Section 3.2) plus the positive control TP53 derived 20-mer were
aligned by Target Explorer (Sosinsky et al., 2003) without pre-
defining the length of the conserved motif. Target Explorer deter-
mined the motif to be a decamer. Target Explorer calculates weights
for individual bases at specific motif positions using prior probabilities
(priors) for each base, but available alternatives on the Target
Explorer server were limited to Drosophila whole genome priors or
estimation based on nucleotide frequencies within the submitted
sequences. Neither was a desirable alternative, since appropriate
priors would, in theory, be better derived from promoter sequences
instead of an entire genome. Therefore, human promoter sequences
were downloaded from the Eukaryotic Promoter Database (Schmid
et al., 2006), version based on EMBL release 104. This database
consists exclusively of experimentally confirmed PolII binding sites
associated with a confirmed RNA transcript. Sequences that were not
complete between −4000/+1000 were excluded, leaving 1840
sequences. Priors for each base were then calculated at each position
for this database.

To determine the weight of each nucleotide (G, A, T, C) at
each position, we used a position weight matrix equation:

ln
ni; j + pi
� �

= N + 1ð Þ
pi

� �
, where ln is the natural logarithm, ni, j=the

number of times nucleotide i appears at position j in the alignment,
pi=prior probability of nucleotide i at a specific position relative to
Oligo Sequence

BACE −119F 5′-GGGCTGGAGAGGGGTCTGGG-3′
BACE −119R 5′-CCCAGACCCCTCTCCAGCCC-3′
BACE −1766F 5′-CTTATTGATTAGGGTTTTCT-3′
BACE −1766R 5′-AGAAAACCCTAATCAATAAG-3′
BACE −1939F 5′-AAATTGGATTTGGTTTTTTT-3′
BACE −1939R 5′-AAAAAAACCAAATCCAATTT-3′
BACE +36F 5′-GAGCTGGATTATGGTGGCCT-3′
BACE +36R 5′-AGGCCACCATAATCCAGCTC-3′
APP −3833GFa 5′-TGGGGGTGGGGGTACATAAT-3′
APP −3833GRa 5′-ATTATGTACCCCCACCCCCA-3′
APP −3833AFa 5′-TGGGGGTGAGGGTACATAAT-3′
APP −3833ARa 5′-ATTATGTACCCTCACCCCCA-3′
APP HSE Fb 5′-GCTCTCGACTTTTCTAGAGC-3′
APP HSE Rb 5′-GCTCTAGAAAAGTCGAGAGC-3′
APP −1023Fa,b 5′-GGGGATACATCTGGGCAGTT-3′
APP −1023Ra,b 5′-AAGTGCCCAGATGTATCCCC-3′

morphisms implicated in late-onset familial AD (Lahiri et al., 2005). The SNP site that
ers, is underlined.
e TP53 HSE decamer.



4 B. Maloney, D.K. Lahiri / Gene 488 (2011) 1–12
the +1 TSS, and N=number of sequences in the alignment. Prior
probabilities for individual bases are not constant along the range of
human promoter sequences. Therefore, instead of deriving a static
weight matrix to screen sequences of genes of interest, we used a
“dynamic” calculation, where the Target Explorer equation was
applied to each position in turn from −4000 to +1000, and these
weights were then compared in ten-base blocks with sequences of
interest, according to the position of each possible decamer within
the sequences. While this is a computationally intensive method, it
inherently corrects for position-dependent effects of background
nucleotide frequency.

Individual bases within DNA sequences were compared to
calculated weights for each base at specific positions, and the results
for each decamer of bases totaled. If this total was less than the total
observed for the lowest-scoring decamer in the matrix training set at
that specific position between −4000/+1000, the decamer was
rejected. In addition to weights based on the oligomer alignment, a
sequence logo was calculated from the six aligned sequences
(Schneider and Stephens, 1990).

The dynamic weight method was used to predict potential AβID
sites on the APOE (Paik et al., 1985; Du et al., 2005), APP (Hattori et al.,
1997), BACE1 (Sambamurti et al., 2004), BACE2 (Maloney et al., 2006),
along with ASCL1; insulin-degrading enzyme (IDE), microtubule
associated protein τ (MAPT), OLIG2, SLC38A1, and TP53 (Sayers et al.,
2011) 5′-flanking regions.

2.8. EMSA of selected oligomers with different Aβ peptides

Selected oligomers that bound to Aβ1–42, specifically APOE+171,
APOE +660/+665, APP −3833G, APP −3833A, and BACE1 −119,
were used to screen binding capacity of Aβ peptides 1–42, 1–40, 1–28,
20–29, 25–35, 29–40, and 31–35 (Bachem) for both qualitative
binding/non-binding and concentration-dependency. Each peptide
was resuspended per manufacturer's instructions and 1 μg of each
peptide was used in EMSA vs. the oligomer pairs.

2.9. Data analysis

EMSA films were scanned at 300 dpi, 14 bit-depth grayscale and
densitometrically measured with ImageJ. All statistical analysis was
carried out using SAS 9.1.3 (SAS Institute, Cary, NC).

3. Results

3.1. Determination of potential Aβ-interacting sequences in the APOE,
APP, and BACE1 5′-flanking regions

The APOE, APP, and BACE 5′-flanking regions were compared to a
“GGATTGGGGT” decamer from the TP53 HSE sequence. Sites with at
least 80% homology were accepted as potential AβID (Fig. 1). Within
the APOE 5′-flanking region, 11 decamers were located. The APP
sequence had 7 decamers, while the BACE1 sequence had 4. One site in
the APP 5′-flanking region included an APP promoter SNP we have
previously linked to risk of AD (Lahiri et al., 2005).

3.2. The Aβ peptide binds DNA in a sequence-specific manner, and the
reverse peptide lacks binding

To determine specificity of a potential AβID motif based upon the
TP53 decamer, Aβ1–42 and Aβ1–40 peptides were incubated with
radiolabeled double-stranded oligomers corresponding to putative
AβIDs in the APP (−3833G, −3364, −2871, −1682), APOE (−899,
+171, +284, +660/+665), BACE1 (−1939, −1766, −119, +36)
and TP53 (−1) 5′-flanking regions plus two additional oligomer pairs
from the APP 5′-flanking region, specifically APPHSE andAPP−1023 as
controls for presumably non-specific “background” levels of DNA–
peptide interaction. Mixtures were analyzed on 5% polyacrylamide-
TGE gel. The gelswere dried and subjected to autoradiography (Fig. 2).
DNA–protein interactions were visualized as radioactive bands on the
gel. Interactions were similar between Aβ1–42 and Aβ1–40. The
Aβ42–1 peptide had no apparent DNA–protein interaction, while the
Aβ40–1 peptide interacted with the APP −3833G DNA oligomer pair.
However, the signal was less intense than the forward peptide
(Fig. 2B). The −3833G APP oligomer pair is of particular interest as
the sixth base of its AβID is a previously characterized APP promoter
SNP at −3829 (Lahiri et al., 2005). The majority population sequence
at this SNP is a “C” in the sense strand (corresponding to a “G” in the
AβID if read in the same orientation as the TP53 −1 decamer). The
minority SNP variant would correspond to an “A” in the decamer. Of
particular note, this G→A substitution significantly reduced apparent
Aβ binding. DNA–protein interactions in these and further gels
migrated very slowly after entering through thewell. Our consultation
with the peptide manufacturer indicated that their peptides would
most likely resuspend as oligomers, explaining very slow electropho-
resis. Pilot tests done with peptides that the manufacturer (rPeptide,
Bogart, GA) deemed more likely to resuspend as monomers produced
no interaction. This is touched upon further in Section 4.

Analysis of standardized densitometric scans (Fig. 3) was based on
our pre-designation of the APPHSE and APP −1023 oligomer pairs as
“non-specific binding” controls from their low homology with the
prototype TP53 decamer. They were used to reflect a “background
signal” of non-specific DNA–protein interaction between Aβ and a
given oligomer pair. The normalized EMSA signals were compared by
Waller–Duncan multiple range test. Those oligomer pairs that were
grouped with either of the APPHSE and APP −1023 controls by the
statistical test (either of group "D" or "E" in Fig. 3) were also classified
as “non-specifically binding”, i.e., indistinguishable from “back-
ground”. Five oligomers were excluded from the “non-specifically
binding” statistical group andwere, therefore, considered to have DNA
sequence specific interaction with Aβ (Table 2). Two of these were
from APOE (−171 and −660/665), two from APP (−3833G and
−2871), and one from BACE1 (−119). These oligomer sequences
were used to determine the DNA sequence motif for the AβID. To
further test the specificity of the aforementioned EMSA results,
reactions were repeated in the presence of 140× molar excess of
unlabeled homologous oligomer. In all cases, self-competition visibly
reduced Aβ–DNA interaction (Fig. 4).

3.3. The Aβ-binding DNA motif/AβID is a specific degenerate decamer

When those oligomers that showed positive DNA–peptide inter-
action (Table 1), along with the TP53 oligomer, were aligned by Target
Explorer (Table 2), a consensus decamer of “KGGRKTGGGG” was
determined. This decamerwas “offset”1 base upstreamof the decamer
originally chosen from the TP53 sequence, and 1 or 2 bases upstreamof
the predicted decamers. A sequence logo was generated (Fig. 5). Four
“G” bases at the 3′ end of the decamer did not vary. Altering the “G”
indicated by “*” in the figure to an “A” (APP −3833G vs. −3833A)
significantly diminishedAβ binding capacity. Dynamicweight analysis
predicted that a decamer with a sequence of “GGGGTTGGGG” would
have the maximum possible score, although this specific decamer did
not appear in sequences of interest searched or in the database used to
establish priors.

3.4. DNA binding of Aβ is strongest with the cytotoxic Aβ25–35 peptide

To determine the specific DNA-binding site within the Aβ peptide,
various peptide fragments of Aβ, specifically 1–42, 1–40, 1–28, 20–29,
25–35, 29–40, 31–35, 42–1, 40–1, and 35–25, were reacted with the
oligomers for the AβIDs at APOE +171 (Fig. 6A, lanes 1–10), APOE
+660 (Fig. 6A, lanes 11–20), APP −3833G (Fig. 8B, lanes 1–10), and
APP −3833A (Fig. 6B, lanes 11–20). Of the peptides tested, the 1–28,
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Fig. 2. Electrophoretic mobility shift assay (EMSA)/gel shift assay of Aβ1–42 vs. different putative binding decamer-containing oligomers. Figure shows representative EMSA of the
A. Aβ1–42 and the B, Aβ1–40 peptides. The reverse Aβ40–1 and 42–1 peptides were independently incubated with radiolabeled oligomer containing the putative AβID at −3833
(lane 1). Aβ1–42 or 1–40 (lanes 2–16) were incubated with radiolabeled oligomers that contained the putative AβIDs in the APP (lanes 2–8) 5′-flanking region at positions−3833G
(lane 2), −3833A with a “G” to “A” substitution at −3829 (lane 3), −3364 (lane 4), −2871 (lane 5) and −1862 (lane 6). In addition, an oligomer corresponding to the FAD
mutation site in APP at −1023 (lane 7) and a distinct HSE-binding site within APP (lane 8) were incubated and run; in the APOE (lanes 9–12) 5′-flanking region at positions
−899 (lane 9), +171 (lane 10), +284 (lane 11), +660/+665 (lane 12); and in the BACE1 (lanes 13–16) 5′–flanking region at positions −1939 (lane 13), −1766 (lane 14), −119
(lane 15), and +36 (lane 16). The gel was dried and exposed to X-ray film for autoradiography. DNA–peptide interactions appeared as dark signal near the top of the gel, unbound
oligomer ran to the bottom of the gel.
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20–29, 31–35, 35–25, and 42–1 peptides had no apparent DNA-
binding capacity. Of the remaining peptides, binding capacity was,
from highest to lowest, 25–35N29–40N1–40N1–42N40–1 (Figs. 6
and 7). The particularly cytotoxic (Millucci et al., 2010) Aβ25–35
peptide had the greatest DNA-binding capacity with any of the DNA
oligomer pairs studied.

In addition, the polymorphic APP −3833A oligomer pair was
allowed to interact with the same series of Aβ peptides. This pair did
not have apparent binding with either Aβ1–42 or 1–40, although the
high binding affinity of the 25–35 peptide did result in apparently
strong interaction (Fig. 6B). Apparent differences between different
peptide migration rates were minimal. This was probably because our
particular preparations of Aβ were likely to be aggregates instead of
monomers, according to the manufacturer.

3.5. Binding of Aβ1–42 and 1–40 occurred in a concentration-dependent
manner

To determine if Aβ–DNA interaction occurred in a concentration-
dependent manner typical of transcription factors, we selected one
“positive” oligomer pair each from APOE, APP, and BACE to bindwith the
Aβ1–42, 1–40, 42–1, 1–28, and 25–35 peptides (Fig. 8A). The 1–40 and
1–42 peptides both showed qualitative concentration-dependent in-
creases in interaction with the target DNA oligomer pairs. The 1–40
peptide (10 ng–1 μg with APP −3383G) showed a greater apparent
interaction at any given amount of peptidewhen compared to the 1–42
peptide (500 ng–4 μg with APP−3383G). The interaction of the 25–35
peptide with the −3833G oligomer pair was less dependent upon
peptide concentration than for the 1–40 and 1–42 peptides. The reverse
peptide (andnegative control) 42–1, and forward 1–28 peptide showed
no DNA–protein interaction. Two different concentrations of each of
these peptides was interacted with the APOE +660/+665 and BACE1
−119 oligomer pairs, with similar results (Fig. 8B).

3.6. AβID sites predicted in AD-related gene promoter sequences

Dynamicweight probing of the APOE, APP, ASCL1, BACE1, IDE,MAPT,
OLIG2, and SLC38A1 5′-flanking regions found 11 AβIDs in APOE, 3 in
APP, 5 in BACE1, and 2 in TP53 and found 6 in ASCL1, 1 in BACE2, 1 in
IDE, 4 in MAPT, 1 in OLIG2, and 1 in SLC38A1 (Table 3, Fig. 9). The
weight-based search of APOE, APP, and BACE1 produced no “false
negatives”, and all AβIDs confirmed by EMSA had corresponding
decamers from matrix-based search, with a 1 or 2-base “offset”. In
addition, no AβIDs determined by matrix search corresponded with
any of the decamers that had been experimentally determined to lack
Aβ-binding capacity. Comparable search was performed in genes
unrelated to AD pathology. Frequency of the AβID within a search of
over 1000 4 kb promoter sequence was significantly different from its
calculated frequency in a random 4 kb sequence with the same base
frequency distribution (data not shown).
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4. Discussion

A distinctive feature of AD is the accumulation of amyloid plaque in
affected brains. The primary constituent of this plaque is Aβ peptide,
derived from the much larger APP protein. Aβ is neurotoxic in
monomers and oligomers (Walsh et al., 2002;Morgan et al., 2004; Ono
et al., 2009). Therefore, research has concentrated on the “pathogenic
function” of the peptides, especially the Aβ1–42 and Aβ1–40 peptides.
However, there has been ongoingwork on elucidating non-pathogenic
function for the Aβ peptide. For example, Aβmodulates glutamatergic
transmission in the rat basal forebrain (Chin et al., 2007). Its activity in
kinase induction has also been investigated (Bogoyevitch et al., 2004).
Aβ has also been shown to reduce metal-induced oxidative damage
(Zou et al., 2002; Baruch-Suchodolsky and Fischer, 2009) and
potentially to regulate cholesterol transport (Yao and Papadopoulos,
2002; Igbavboa et al., 2009).

Aβhas been shown to locate intracellularly in response to conditions
such as oxidative stress (Bailey et al., 2011; Ohyagi and Tabira, 2006).
These aspects of Aβ structure and location lead to considering whether
some of Aβ's pathological activitymay be related to direct peptide–DNA
interaction with genes such as those that determine apoptosis. To test
Table 2
Aligned Aβ-binding oligomers determined by semiquantitative EMSA.

Gene +/− Positiona Sequenceb

Predicted Aligned

APOE + +171 +170 -GGTCGGGCTTGGGGAGAGGA-
APOE + +660/665 +664 AGGGAATGGGTTGGGGGCGG-
APP − −2871 −2873 -AACTAGGATGGGGATGCTGT-
APP − −3833 −3831 -TGGGGGTGGGGGTACATAAT
BACE1 − −119 −118 -GGGCTGGAGAGGGGTCTGGG-
TP53 + −1 −2 -TGATGGGATTGGGGTTTTCC-

a Position is relative to the +1 transcription start site.
b AβID decamers found by sequence alignment are italicized. Putative AβIDs

predicted from 80% homology to the TP53 HSE are underlined.
this hypothesis, Ohyagi et al. investigated whether or not intracellular
Aβ peptide altered expression of the TP53 apoptosis-associated protein
gene (Ohyagi et al., 2005).What they determinedwas that, not only did
Aβ enhance p53 levels, but that it did so through direct interactionwith
a region that contains an HSE on the TP53 promoter/5′-UTR sequence.
The transcription factors ASCL1 and OLIG2 have also shown to be
differentially regulated in cell culture by Aβ (Uchida et al., 2007). Native
BACE1 gene transcription is upregulated in cell culture by addition of
Aβ1–42 (Tamagno et al., 2009).

Another cleavage product of the APP protein, AICD, forms part of
the AICD/KAT5/APBB1 transcription factory complex (ATF) complex,
along with K (lysine) Acetyltransferase 5 (KAT5/TIP60) and the APP-
Binding, Family B, Member 1 protein (APBB1/Fe65) (Konietzko et al.,
2010). The ATF, in particular, can regulate APP gene transcription (von
Rotz et al., 2004). However, it is unknown whether Aβ participates in
this particular pathway as a possible transcription factor, especially
since Aβ stimulation of BACE1 RNA transcription occurred indepen-
dently of addition of AICD (Giliberto et al., 2009).

Surface plasmon resonance has established that soluble Aβ1–42
readily binds DNA in vitro (Barrantes et al., 2007), although specificity
of its binding site was not determined by that method. It has also been
determined that p53, itself, downregulates expression of the APP gene
(Cuesta et al., 2009). Aβ is likely to contain a helix–loop–helix
structure common to certain transcription factors (Durell et al., 1994),
and this theoretical model is similar to work that demonstrates a
helix–kink–helix structure (Shao et al., 1999; Crescenzi et al., 2002) in
apolar environments. In an aqueous environment, the Aβ peptide can
transition between a β–turn–β structure and a more amorphous form
with two small helices (Tomaselli et al., 2006).

To investigate the possibility of transcription factor-like sequence
specific DNA–Aβ affinity, we have determined a consensus matrix for
Aβ–DNA interaction. The consensus is a “G”-rich decamer with the
IUPAC sequence 5′-KGGRKTGGGG-3′. However, we urge extreme
caution in favoring this for motif searching instead of the sequence
logo or a frequency matrix, given the severe limitations of consensus
sequences (Schneider, 2002). The empirically determined decamer
was “offset” from the original we used to search for oligomers used in
EMSA. This might raise questions of actual specificity for Aβ–DNA
interaction. However, our EMSA was not done solely with these
decamers. Instead, we used 20-mers that contained native flanking
sequences. In addition, the work done by Ohyagi et al. also used
flanking sequences for DNA–protein binding assays. Thus, while the
TP53 HSE that happens to share sequence with the AβID might have
one specific sequence, the actual AβID may only share partial overlap
with the TPE HSE, and our use of multiple putative oligomers was able
tomorefinely distinguish the difference. It bears note that themajority
of our test oligomers did not have significant DNA–Aβ interaction by
EMSA, giving our direct empirical evidence of Aβ interaction with
specific DNA sequences and “rejection” of non-specific sequences.

We readily admit that non-specific interaction between AD plaque
and oligonucleotide DNA has long been known (Syrjanen et al., 1991).
We do not accept that this precludes sequence-specific interaction
between intracellular Aβ and DNA, specifically because: i) “Amyloid
plaque” does not exclusively consist of Aβ. Other proteins such as
α-synuclein and ApoE are also plaque constituents (Sheng et al., 1996;
Yokota et al., 2003); ii) amyloid plaque has a very different tertiary
structure than do Aβmonomers, dimers, or oligomers, and properties
resulting from higher-order structures, including significant change in
DNA binding specificity, cannot be excluded; and iii) interaction with
DNA in a non-specific manner does not automatically preclude a
protein from being a transcription factor. It has been long established
that transcription factors bind DNA in both sequence specific and non-
specific fashions (Postel et al., 1993; von Hippel, 1994). Likewise, non-
specific binding of a transcription factor to DNA is part of the initial
process of its recognition of a specific binding site (von Hippel, 1994).
Thus, we accept specificity for Aβ–AβID interaction. Significantly
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weaker interactions with sequences such as APPHSE and APP −1023
would be “background signal” from non-specific DNA–protein
interaction.

We further determined that a single “G” DNA base within this
decamer was required for DNA–protein interaction. The APP gene
contains a previously characterized familial Alzheimer’s disease (FAD)
associated SNP at −3829 (Lahiri et al., 2005). The AβID at −3831
(which had a predicted position of −3833) includes this SNP site as
the eighth base of its sequence. In the “sense” orientation for the APP
gene, this is a C↔T polymorphism.We represent it herein as G↔A to
preserve the orientation reading determined by Ohyagi et al. within
TP53. The difference we observed between “G” and “A” response to Aβ
25–35 treatment was not dramatic, suggesting some possibility that
this fragment of Aβ is sufficient for DNA binding, but lacks the
specificity of the full-length Aβ peptides.

We investigated the 5′-flanking regions of selected genes involved
in AD for potential AβIDs according to ourweightmatrix. In addition to
0.0

0.5

1.0

1.5

2.0

A

B
its

Fig. 5. Structure of the Aβ-binding domain (AβID) consensus motif. Combined height of stack
position of a “G” that may be critical for Aβ binding activity.
conducting a search on the APOE, APP, and BACE1 sequences, we also
looked at the ASCL1, BACE2, IDE, MAPT, OLIG2, SLC38A1, and TP53 5′-
flanking sequences. All sequences had predicted AβIDs. The MAPT
sequence is of interest in AD research because it codes formicrotubule-
associated protein τ, the primary constituent in intraneuronal
hyperphosphorylated τ tangles associated with AD (Iqbal et al.,
2010). Overproduction of Aβ has already been shown to result in
greater hyperphosphorylation of τ protein (Wang et al., 2006a,
2006b). The presence of AβIDs on the MAPT promoter suggests a
further relationship between the two products. The IDE gene codes for
insulysin/insulin-degrading enzyme, which has been shown to
degrade Aβ in vitro and in vivo (Farris et al., 2003; Leissring et al.,
2003; Eckman and Eckman, 2005). Presence of predicted AβID
suggests further study in characterizing its role in AD. ASCL1 and
OLIG2 have been shown to be regulated by Aβ, although the specific
pathway of regulation was not suggested in that work (Uchida et al.,
2007). The presence of AβIDs on both of the genes' sequences suggest
βID

ed letters corresponds to bits of information (Shannon, 1997). An asterisk indicates the



Probe

Peptide A
β 

1–
42

A
β 

1–
40

A
β 

1–
28

A
β 

20
–2

9

A
β 

25
–3

5

A
β 

29
–4

0

A
β 

31
–3

5

A
β 

42
–1

A
β 

40
–1

A
β 

35
–2

5

A
β 

1–
42

A
β 

1–
40

A
β 

1–
28

A
β 

20
–2

9

A
β 

25
–3

5

A
β 

29
–4

0

A
β 

31
–3

5

A
β 

42
–1

A
β 

40
–1

A
β 

35
–2

5

Lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

APOE  +171 APOE  +660/+665

A
Probe

Peptide A
β 

1–
42

A
β 

1–
40

A
β 

1–
28

A
β 

20
–2

9

A
β 

25
–3

5

A
β 

29
–4

0

A
β 

31
–3

5

A
β 

42
–1

A
β 

40
–1

A
β 

35
–2

5

A
β 

1–
42

A
β 

1–
40

A
β 

1–
28

A
β 

20
–2

9

A
β 

25
–3

5

A
β 

29
–4

0

A
β 

31
–3

5

A
β 

42
–1

A
β 

40
–1

A
β 

35
–2

5

Lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

APP  −3833G APP  −3833A

B

unbound
probe

unbound
probe

Fig. 6. EMSA of different fragments of the Aβ peptide vs. four different DNA probes. Fragments of Aβ peptide corresponding to residues 1–42, 1–40, 1–28, 20–29, 25–35, 29–40, and
31–35 were self-oligomerized. In addition, “reverse” fragments 42–1, 40–1, and 35–25 were prepared. A. Fragments were incubated against oligomers the contained the Aβ-binding
sequence at APOE +171 (lanes 1–10) or APOE +660 (lanes 11–20). The gel was dried and exposed to X-ray film for autoradiography. DNA–peptide interactions appeared as dark
signal near the top of the gel. B. Fragments were incubated against oligomers the contained the Aβ-binding sequence at APP−3833G (lanes 1–10) or APP−3833A (with a “G”→“A”
substitution) (lanes 11–20). The gel was dried and exposed to X-ray film for autoradiography. DNA–peptide interactions appeared as dark signal near the top of the gel.

8 B. Maloney, D.K. Lahiri / Gene 488 (2011) 1–12
the possibility that intracellular Aβ may operate directly upon the
promoters in a manner similar to that found for TP53 by Ohyagi et al.
(2005) and for BACE1 and APP herein.
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25–35 peptide is so high that itmay reduce target sequence specificity.
For example, if the Aβ25–35 peptide was incubated with the two APP
FAD oligomer pairs, no apparent change in DNA–protein interaction
occurredwhen qualitatively comparing the “A” oligomer pair with the
“G” pair. This greater DNA affinity may explain the moderate
differences that we observed when comparing the SNP -containing
Table 3
Aβ-binding DNA decamers predicted by dynamic weight search.

Gene Locationa Orien. Sequenceb

APOE −3001 F TAGGTTGGGG
APOE −2288 R GGGGTAGGAG
APOE −2235 R GGGGTAGGGG
APOE −847 F TGGGGAGGGG
APOE −325 R GGGGAGAGGT
APOEc 170 F GGGCTTGGGG
APOE 265 F TGGGGTGGGG
APOE 547 F TGGGGAGGGG
APOE 553 F GGGGGTGGGG
APOE 618 F GGGGATGGGG
APOE 664 F TGGGTTGGGG
APPd −3831 R GGGGTGGGGG
APP −2873 F TAGGATGGGG
APP 745 R GGGGTAGGGG
ASCL1 −3871 R GGGGTGGGAG
ASCL1 −958 F TGGGGAGGGG
ASCL1 −504 R GGGGTGAGGG
ASCL1 −339 R GGGGTGGGGG
ASCL1 −116 F GGGAGTGGGG
ASCL1 −81 F GGGAGTGGGG

a Location is the 5′-most base of the decamer, relative to the +1 TSS.
b Sequence of reverse-orientation decamers is reverse-complemented.
c Boldface indicates confirmation of this sequence by EMSA.
d This decamer crosses a previously characterized APP single-nucleotide polymorphism (
clones' responses to Aβ25 -35 treatment. Alternatively, amino acid
sequences that are present in full-lengthAβ, but absent in theAβ25-35
fragment may confer DNA sequence specificity to the Aβ-DNA
interaction could explain this apparent lack of specificity. Additional
factors such as DNA modification of DNA secondary structure and
histone association by the SNP could partially “overcome” the lower
Gene Location Orien. Sequence

BACE1 −193 R GTCTGCCCTC
BACE1 −118 R TCTCCCGTAG
BACE1 335 R GACCGCAGGA
BACE1 823 R CCTGTCGTCC
BACE1 881 R TTCACAAGGG
BACE2 −591 F GGGGGTGGGG
IDE −1229 R GGGGTCGGGT
MAPT −2352 R GGGGAAGGGT
MAPT −2069 F GGGGTTGGGG
MAPT 614 F GGGGGAGGGG
MAPT 964 F TGGGGAGGGG
OLIG2 −1969 R GGGGTGGGGG
SLC38A1 93 R GGGGTGGGGG
TP53 −2 F GGGATTGGGG
TP53 258 F GGGGGTGGGG

underlined).
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BACE1, TP53, ASCL1, BACE2, IDE,MAPT, OLIG2, and SLC38A1 gene sequences. Positions that corresponded to oligomers for our EMSA herein, all positive on EMSA, are boldface. A site on
the APP sequence marked with “§” crosses a previously-characterized APP polymorphism associated with late-onset familial AD.
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specificity to produce ameasurable functional difference in cell culture
still dependent upon differences in overall transcription factor activity
by Aβ on this site.

The EMSA results we present herein were obtained using Aβ
peptides that were solubilized as aggregates. We have also performed
EMSA with Aβ peptides generated from recombinant E. coli (rPeptide,
Bogart, GA, USA). According to the manufacturer, these Aβ peptides
were far more likely to be monomers if solubilized according to the
manufacturer's instructions. EMSA assays performed with these
peptides were universally negative (data not shown). Several
transcription factors, such as NF-κB (Grilli et al., 1995), must consist
of homo- or heterodimers of smaller protein subunits to bind DNA in a
site-specific fashion. Individual Aβ peptides could function as such
subunits for a higher-order transcription factor dimer/aggregate form.
Such aggregation also would explain the very slow migration of our
EMSA reactions in the gels.

We propose that, whatever other functions it may have, specific
DNA–peptide interaction suggests that Aβ could be investigated as a
possible transcription factor. Current treatments for AD concentrate
upon remediation of cholinergic loss or other specific receptor-based
treatments (Sambamurti et al., 2011) However, even if restricting AD
etiology to effects of Aβ, evidence exists to suggest a wide variety of
pathways that areworth therapeutic exploration (Lahiri andMaloney,
2010a). Furthermore, other pathways, such as loss of synaptic
markers, may not be directly caused by Aβ and could be fruitfully
treated on their own (Bailey and Lahiri, 2010). Given that the AβID is
particularly “G” rich, oxidative damage of DNA may play a role in
disrupting normal Aβ–DNA interaction. This would be compatible
with a recently-proposed gene–environment interaction model of AD
etiology, which proposes a specificmechanistic role for DNA oxidation
and aberrant DNA methylation in early-life environmental induction
of latent predisposition for AD and other idiopathic neurobiological
disorders (Lahiri et al., 2009b).

We have determined herein that a degenerate DNA decamer that
binds to the Aβ peptide in a sequence–specific manner. Furthermore,
binding of Aβ to DNA requires a specific fragment of the Aβ peptide,
between residues 25 and 35. These data would not be sufficient to
propose that Aβ's very broad range of potential functionswould include
activity as a transcription factor, modifying expression of AD-related
genes, such asAPP and BACE1 and glutamatergic pathway genes, such as
SLC38A1. Functional studies would need to be performed. We have
recently done such studies and determined that reporter clones



11B. Maloney, D.K. Lahiri / Gene 488 (2011) 1–12
containing the AβID respond to treatment by Aβ peptides. Furthermore,
this response was reduced significantly by mutation of the AβID at
−3831AβID site from−3829G to the−3833A SNPvariant. In addition,
chromatin immune precipitation assays on human neuroblastoma cell
chromatin indicated specific bindingof Aβ toAβID sequenceswithin the
APP and BACE1 promoters (Bailey et al., 2011). The specificity of DNA
interaction as we determined in the present work, coupled with the
functional results we have also recently obtained, lead us to suggest the
possibility that Aβ may function as a transcription factor and may
further act to at least in part regulate its own precursor gene regulation.
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