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Abstract
Amyloid β peptide (Aβ) plaque in the brain is the primary (post mortem) diagnostic criterion of
Alzheimer’s disease (AD). Any physiological role of Aβ constituent is poorly understood. We
have previously determined an Aβ interacting domain (AβID) in the promoters of AD–associated
genes (Maloney and Lahiri, 2011). This AβID interacts in a DNA–sequence specific manner with
Aβ. We now demonstrate novel Aβ activity as a possible transcription factor. Herein, we
demonstrate Aβ–chromatin interaction in cell culture by ChIP assay. We observed that human
neuroblastoma (SK–N–SH) cells treated with FITC conjugated Aβ1–40 localized Aβ to the
nucleus in the presence of H2O2–mediated oxidative stress. Furthermore, primary rat fetal
cerebrocortical cultures were transfected with APP and BACE1 promoter–luciferase fusions, and
rat PC12 cultures were transfected with polymorphic APP promoter–CAT fusion clones.
Transfected cells were treated with different Aβ peptides and/or H2O2. Aβ treatment of cell
cultures produced a DNA sequence–specific response in cells transfected with polymorphic APP
clones. Our results suggest the Aβ peptide may regulate its own production through feedback on
its precursor protein and BACE1, leading to amyloidogenesis in AD.
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1. Introduction
Alzheimer’s disease (AD), the most common form of dementia in the elderly (Hebert et al.,
2003), is associated with multiple risks that include genetic, epigenetic, dietary, and lifestyle
factors (Lahiri and Maloney, 2010b). Neuronal loss, intraneuronal tangles of
hyperphosphorylated microtubule–associated τ protein (MAPT), and extracellular
deposition of β–amyloid peptide plaque are characteristic of the disorder. Amyloid plaque
consists primarily of the 39–42 amino acid amyloid β peptide (Aβ) (Lahiri et al., 2003; De
Strooper, 2010), which is cleaved from a larger Aβ precursor protein (APP) by sequenttial
actions of the β– and γ–secretase enzymes (Lahiri et al., 2003). Aβ also accumulates within
neurons in both human AD cases and transgenic AD models (Gouras et al., 2000; Shie et al.,
2003). Non–pathological functions of Aβ include ion channel formation (Jang et al., 2010),
kinase activation (Bogoyevitch et al., 2004; Tabaton et al., 2010), cholesterol transport
regulation (Yao and Papadopoulos, 2002; Igbavboa et al., 2009), and protection against
metal–induced oxidative damage (Zou et al., 2002; Baruch-Suchodolsky and Fischer, 2009).
We now report that Aβ may act as a transcription factor with regulatory region(s) of AD–
associated genes.

Extracellular Aβ enters the cell under oxidative and heat stress (Ohyagi et al., 2005; Ohyagi
and Tabira, 2006; Ohyagi et al., 2007) and is transported to the nucleus by action of the Aβ–
related death–inducing protein (AβDIP) (Ohyagi, 2008). Intracellular Aβ induces 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 β–amyloid cleaving enzyme 1/β–secretase
BACE1 gene (Giliberto et al., 2009; Tabaton et al., 2010), while reducing levels of
oligodendrocyte lineage transcription factor 2 (OLIG2) (Uchida et al., 2007) and system A
glutamine transporter 1 (SAT1/SLC38A1) (Buntup et al., 2008). In the case of p53, this
induction has been shown to be from direct action of Aβ upon the TP53 promoter. In that
particular case, Aβ activity hinged on binding a known heat shock element (HSE),
“GGATTGGGGT” (Ohyagi et al., 2005).

We have recently identified a more general Aβ–interacting domain (AβID) in DNA
sequences (Maloney and Lahiri, 2011). The AβID is a decamer with a consensus sequence
“KGGRKTGGGG”. Substitution of G→A in the seventh nucleotide of the decamer
eliminated DNA–peptide interaction. This substitution corresponds to a single–nucleotide
polymorphism (SNP) associated with increased AD risk (Lahiri et al., 2005b).

We now turn our attention to investigating functional activity related to Aβ–AβID
interaction. We first determined that Aβ associated with DNA in situ in an AβID–related
fashion. We did this through chromatin immune precipitation (ChIP) assay. Our ChIP for
two chromatin regions that each contained an AβID on the APP gene (APP) and BACE1
promoter sequences (Maloney and Lahiri, 2011) demonstrated in situ Aβ binding to both of
the 200 bp regions. PCR signal did not occur when chromatin was precipitated with
antibodies against the N–terminal region of APP or against β–galactosidase (β–gal).

To determine induction of Aβ into cell nuclei under oxidative stress, cell cultures were
treated with fluorescein isothiocyanate conjugated Aβ1–40 (FITC–Aβ1–40), added to cell
cultures in the presence or absence of a oxidative stress induced by H2O2. To determine
functional activity of Aβ on 5′–flanking regions of the APP and BACE1 genes, we
generated clones containing i) a confirmed AβID within a 3.3 kb BACE1 fragment and ii)
lacking any predicted AβID within a 1.2 kb APP fragment. These fragments were each
fused to the firefly luciferase coding sequence, and the fusion clones were transfected into
primary rat fetal cerebrocortical neuronal (PRCN) cultures. Transfected cultures were
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treated with Aβ1–42, 1–40, and 1–28 peptides. We found that oxidative stress induces Aβ
localization to the nucleus, and that Aβ increased activity in the BACE1 promoter.

In addition, we tested the response to Aβ of two clones previously constructed in our
laboratory. Specifically, these two clones correspond to an APP promoter SNP linked to AD
risk at −3829 from the +1 TSS (Lahiri et al., 2005b). This polymorphism is within an AβID.
We show that oxidative stress and Aβ treatment significantly increase transcriptional
activity of the AD–associated SNP. Taken together, these results suggest that the Aβ peptide
may possibly function as a transcription factor or co–factor. In addition to other function(s),
the Aβ peptide directs normal apoptosis as well as regulating its own production through
feedback on its precursor, APP, and the β–secretase enzyme. This would have pathological
consequences relevant to AD. We suggest that under a cytotoxic model, normal
cytoprotective activity of Aβ, such as protection against metal–induced oxidative stress,
would result in increasing Aβ levels crossing a pathogenic threshold, pushing production of
APP and BACE1 to pathological levels, initiating a positive feedback loop. Higher levels of
BACE1 protein would favor greater production of Aβ, and higher levels of APP protein
would provide more substrate. The combination would result in greater Aβ production,
which would stimulate the production of proapoptotic proteins. Thus, Aβ’s proposed activity
as either TF or cofactor would lead to accumulation of excess Aβ as toxic extracellular
amyloid plaque, the hallmark of AD.

2. Materials and Methods
2.1 Chemicals/Reagents

Chemicals and reagents were purchased from Sigma–Aldrich (St. Louis, MO) and were of
“molecular biology” or “analytic” quality unless stated otherwise. DNA modifying and
restriction enzymes were purchased from Roche (Indianapolis, IN). Different media and sera
and other tissue culture reagents were procured from Invitrogen (Carlsbad, CA).

2.2 Cell culture for transfection and Aβ treatment
Human SK–N–SH neuroblastoma (NB) and rat pheochromocytoma (PC12) cell cultures
were acquired from ATCC and cultured in our laboratory as previously described (Ghosh et
al., 2000). Briefly, NB cells were seeded into 10 cm culture plates (for ChIP) or 24–well
culture plates (for live cell imaging) and maintained in DMEM medium supplemented with
10% fetal bovine serum. PC12 cells were seeded into a collagenated 96–well plate for
transfections at 30,000 cells per well and allowed to attach overnight in standard growth
medium: RPMI supplemented with 10% horse serum (Invitrogen), 5% fetal bovine serum
(Atlanta Biologicals, Lawrenceville, GA), and an antibiotic cocktail (Invitrogen).

For primary neuronal cultures, timed–pregnancy Sprague Dawley rats were purchased from
Harlan Laboratories (Indianapolis). Animals were treated in accordance to the Indiana
University School of Medicine Institutional Animal Use Committee guidelines. PRCN
cultures were prepared from E16 rat fetal cerebrocortical tissue using slight modifications
from previously published procedures (Brewer et al., 1993; Bailey and Lahiri, 2006). The
dam was sacrificed in a CO2 chamber and decapitated. The uterus was removed through an
incision in the abdomen and the pups transferred to ice–cold Hanks Buffered Salt Solution
(Invitrogen) supplemented with 1 mM sodium pyruvate (Sigma–Aldrich) and antibiotic
cocktail (HBSS; Invitrogen). After rinsing, heads were moved to fresh HBSS for dissection.
Under a dissecting microscope, overlying tissues and vasculature were removed from the
brain surface with fine forceps and whole cortices were separated from subcortical tissue
and collected in a separate tube of HBSS on ice. After all cortices were collected, the
overlying HBSS was removed and the tissue was homogenized by trituration in 2–3 ml
Neurobasal medium supplemented with B27 serum replacement and 5 ng/ml human
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recombinant basic fibroblast growth factor (Invitrogen). Cells were counted and seeded into
poly–D–lysine (Sigma–Aldrich) coated 6– or 12– well plates (Corning, Lowell, MA) at
2,200 cells/mm2 (2×106 cells per well in 6 well plates).

2.3 Aβ peptides and their fragments
Different forward and reverse peptides, Aβ1–42, 1–40, 1–28, 25–35, 29–40, 31–35, 42–1,
40–1, 35–25, FITC–Aβ1–40 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 the technical staff of the manufacturer
indicated that peptides dissolved under these conditions would be dimers or larger
aggregates.

2.4 Chromatin immune precipitation (ChIP) of Aβ on specific sequences of the APP and
BACE1 promoters

Human NB cells were grown to 70%–80% confluency. One set of cultures was treated with
100 μM H2O2, and all cultures were fixed with 37% formaldehyde, as specified in the
ChIP–IT Express kit protocol (ActiveMotif). Chromatin was sheared enzymatically with the
Enzymatic ChIP–IT Express kit. Sheared chromatin was then immunoprecipitated overnight
with each of the following antibodies: mAb 4G8 (anti–Aβ), mAb 22C11 (anti N–terminus
APP), anti–specificity protein 1 (SP1) transcription factor (Santa Cruz Biotechnology, Santa
Cruz, CA), or anti–β galactosidase. After immunoprecipitation, PCR was conducted with
oligomers flanking the APP −3833 (5′–AGG CCA AAG ATG AGT GAC AGG A–3′, 5′–
GGG TTA GGA TCC ATG CTA ATG ACC–3′) or BACE1 −119 (5′–AAG AAA GAC
TGA CAG ACG GGA GGT–3′, 5′–GGC GGC TGT CAA AGC CAA A–3) AβIDs. For
the APP PCR, the 22C11–precipitated material was used as negative control. For the
BACE1 PCR, the anti–β gal precipitated material was used as negative control.

2.5 Aβ treatment of SK–N–SH cells in presence or absence of H2O2

SK–N–SH cells were neuronally differentiated with 10 μM all–trans retinoic acid for 7 days
prior to subsequent treatments. Cels were then treated with 1 μM FITC–Aβ1–40 (Bachem)
in the presence or absence of 50 μM H2O2 in low serum containing medium (MEM with 1%
fetal bovine serum and antibiotics) for 48 hours. Cells were washed in Dulbecco’s PBS and
labeled with 10 μM Hoechst 33342 (Sigma) and 1 μM ethidium homodimer (EtHD;
Molecular Probes) for 15 minutes at 37°C. Images were taken using a Leica DM IL
microscope with an RT–SE SPOT camera, using SPOT Advanced software (Diagnostic
Instruments). Experiments were performed in triplicate. Nuclei of live cells, nuclei of dead
cells, and nuclei of live cells with positive FITC–Aβ signal were counted, and results
analyzed via Fisher’s exact test.

2.6 Construction of promoter–enhancer chloramphenicol transferase (CAT) expression
clones

Two clones were previously generated to measure expression effects of a SNP in the APP
promoter. This polymorphism is associated with some cases of familial AD. Briefly, 24–
mers flanking the −3833G and −3833A sequences of the APP promoter were inserted into
the pCAT3P promoter vector (Promega, Madison, WI), which contains the truncated SV40
promoter, to generate two APP polymorphic CAT expression vectors (Lahiri et al., 2005b).

2.6 Construction of luciferase–fusion promoter expression clones
Two clones were generated for evaluation of potential Aβ activity on APP and BACE1 5′–
flanking regions. The human BACE1 5′–flanking region clone pBACEP2 (Ge et al., 2004b)
was cut with HindIII and XhoI and a 3.3 kb fragment of the BACE1 5′–flanking sequence
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was gel–purified. This was cloned into the HindIII/XhoI sites of the pGL3–Basic vector
(Promega). Additionally, the APP 5′–flanking region clone pAmyl1.2 (Lahiri and Robakis,
1991) was digested with PstI and BamHI. This was blunted with T4 polymerase and cloned
into the SmaI site of pGL3–Basic. Clones were verified by appropriate restriction enzyme
digest. Transfections of CAT–based constructs were performed using the Lipofectamine
with Plus Reagent per manufacturer’s recommended protocol (Invitrogen).

2.8 Aβ exposure of cells transfected with BACE1 or APP promoter constructs
PRCN cells were seeded onto poly–D–lysine coated white–walled 96–well plates (Corning)
at 75,000 cells/well in Neurobasal medium supplemented with B27, antibiotic cocktail
(Invitrogen) and Normocin (InVivoGen, San Diego, CA). Cells were allowed to differentiate
for 14 days prior to transfection, with media changes every fourth day. Cells were
transfected with 275 ng/well of the pGL3–Basic plasmid (Promega) containing either the
BACE1 3.3 kb or APP 1.2 kb promoter fragment, each fused to the firefly luciferase reporter
gene, using 0.75 μl/well of the Transfectin transfection reagent (BioRad, Hercules, CA).
Cells were simultaneously transfected with 25 ng/well of the pRL–SV40 Renilla luciferase
plasmid (Promega) as an internal control. Twenty–four hours after transfection, 1 μM Aβ1–
28, Aβ1–40, or Aβ1–42 was added to the medium. After an additional 24–hour incubation
following the addition of Aβ, both firefly and Renilla luciferase activities were measured
with the Dual–Luciferase kit and Glowmax luminometer (Promega). Firefly luciferase signal
was normalized to Renilla luciferase signal to account for variations in transfection
efficiency.

2.9 Aβ exposure of cells transfected with polymorphic APP promoter constructs in
presence and absence of H2O2

PC12 cells were seeded and grown as described herein. Transfections were done with 3 μg
total DNA, using the Lipofectamine transfection reagent. The pCAT3P empty vector and
clones −3833G–CAT, and −3833A–CAT (Lahiri et al., 2005b), were used. At the end of the
recovery period, cells were treated with either vehicle, 1 μM Aβ25–35, 50 μM H2O2, or
both Aβ and H2O2 at 1 μM and 50 μM, respectively, in 0.5 ml RPMI with 1% horse serum
and 0.25% fetal bovine serum (Table 1) and incubated 24 hours. Cells were harvested and
lysed. Total lysate protein was measured by Bradford assay (BioRad). Reporter CAT protein
levels were measured by ELISA (Roche). CAT signal was adjusted by protein concentration
of the cell lysates. Results were analyzed by generalized linear mixed model (Dean and
Nielsen, 2007).

2.10 Data analysis
Transfection assays were performed at N = 4 or N = 5 per treatment. All statistical analysis
was carried out using SAS 9.1.3 (SAS Institute, Cary, NC). Expression data was tested for
distribution and specific general linear mixed model analysis applied accordingly.

3. Results
3.1 ChIP assay demonstrates Aβ binding to specific sequences within the APP and BACE1
gene promoters on cell culture chromatin

ChIP samples from human NB cells were generated in duplicate, and PCR was carried out.
The APP region −3899/−3708 (Fig. 1A), overlapping the AβID at −3833, and BACE1
region −205/−27 (Fig. 1B), overlapping the AβID at −119, were selected for analysis. The
APP region (Fig. 1C) had in situ interaction with Aβ. In addition, the AβID at −3833
overlaps a predicted SP1 binding site. Precipitation with anti–SP1 indicated the likelihood
that this site actively binds SP1 in human NB cells. Notably, precipitation with 22C11
revealed no signal by PCR. 22C11 was used as a negative control antibody, since it binds
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the opposite end of the APP protein from the Aβ peptide. Lack of PCR signal from the
22C11 precipitation is strongly suggestive of specificity for the 4G8 anti–Aβ and anti–SP1
antibodies. Peroxide treatment of the cells had reduced but did not eliminate SP1–APP
interaction without altering Aβ–APP interaction. For the BACE1 segment, DNA–protein
interaction occurred with both Aβ and SP1, as indicated by ChIP (Fig. 1D), with no signal
generated by a negative anti–β–galactosidase control precipitation. Aβ and SP1 binding
activity was observed both in the presence and absence of H2O2 treatment. The ChIP assay
was repeated on separate occasions with different bathes of cells. Results were similar to
representative data shown here.

3.2 Treatment of human neuroblastoma cell cultures with H2O2 promotes uptake of Aβ into
cell nuclei

SK–N–SH cell cultures were treated under low serum conditions (1% FBS) with vehicle + 1
μM FITC–Aβ1–40 or 50 μM H2O2 + 1 μM FITC–Aβ1–40. After 48 hours, cells were
incubated with Hoechst 33342 dye, washed, and incubated with EtHD. Some quenching of
FITC fluorescence by EtHD was observed, however brightness adjustment of individual
channels confirmed that in H2O2 treated cells, nearly all EtHD positive nuclei observed were
also positive for FITC–Aβ. In the vehicle treatment, very few FITC–Aβ1–40 positive cells
were observed as well as very few EtHD positive dead cells. Most nuclei in both treatment
groups were labeled blue by the Hoechst 33342 dye alone (Fig. 2A, E), indicating that these
cells remained intact during this treatment. Nuclei labeled red by EtHD were dead cells with
permeabilized membranes (Fig. 2C, G). Nuclei were counted according to EtHD, FITC, and
Hoechst 33342 signal presence. Counts were analyzed by Fisher’s exact test. The number of
dead nuclei was slightly but significantly higher (p < 10−5, odds ratio 0.576) with H2O2
treatment (Table 2). FITC–Aβ labeling among live cells was significantly more common (p
< 10−15, odds ratio 3.118) in H2O2 treated cells (Fig. 2B, F; Table 2) than in vehicle–treated
cells. The odds ratio would correspond to a “moderate” effect size if converted to the scale
of Cohen’s d (Ferguson, 1966; Rosenthal, 1994; Hopkins, 2000).

Signals from all three fluorescent labels are shown overlaid with phase contrast images of
the same cells (Fig. 2D, H). Dead nuclei were almost invariably FITC–positive. Given that
our criterion for identifying dead cells is membrane permeability, it is not clear in this
system whether nuclear localization of FITC–Aβ to the nucleus is part of the apoptotic
cascade leading to cell death, or if it leaked into the cell after death. Thus, EtHD positive
dead nuclei were excluded from the analysis of FITC–Aβ uptake. We attempted to test the
specificity of the Aβ uptake observed in these cells by adding a 5–fold excess of unlabeled
Aβ1–40, however this produced increases in cell death as well as apparent aggregation and
precipitation, resulting in labeling of non–nuclear structures (data not shown). This
phenomenon is the subject of continued investigation. Under the conditions used here, H2O2
mediated oxidative stress more than doubled the number of nuclei that incorporated
detectable levels of FITC–Aβ1–40.

3.3 Aβ treatment altered transient expression of reporter fused to BACE1 5′–flanking
region that contains an AβID

PRCN cell cultures were transiently transfected with a 1.2 kb fragment of the APP promoter
fused to firefly luciferase (Fig. 3A) and treated with 1 μM Aβ1–28, Aβ1–40, and Aβ1–42.
Firefly luciferase activity was measured and adjusted to levels of co–transfected internal
control plasmid expressing Renilla luciferase. PRCN cells transfected with the proximal
APP promoter fragment showed little response to Aβ treatment (Fig. 3C). No AβIDs were
predicted within the APP 1.2 kb fragment. In cells transfected with the BACE1–CAT
reporter clone (Fig. 3B), treatment with all three Aβ peptides corresponded to higher levels
of adjusted luciferase activity (Fig. 3D). Interaction between Aβ and the BACE1 AβID site
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at −119 has been confirmed by electrophoretic mobility shift assay (EMSA) (Maloney and
Lahiri, 2011).

3.4 Gene regulatory activity of Aβ on the APP promoter is altered by a single–nucleotide
polymorphism

PC12 cell cultures were transfected with different polymorphic promoter/enhancer clones
that contained the AβID at APP −3833, either the “G” or “A” variant, inserted into the
pCAT3P vector or with unmodified pCAT3P vector. Transfected cultures were treated with
either vehicle, H2O2, Aβ25–35, or both treatments, as described herein. Cells were
harvested and protein was extracted. CAT protein levels were measured by ELISA and
adjusted for total protein concentration in each respective extract. Adjusted data were
analyzed by the SAS GLIMMIX procedure.

Type III tests of fixed effects for the data (Table 3) indicated that each of the three main
effects: Clone (pCAT3P, 3833A, 3833G), Aβ treatment (−/+), and H2O2 treatment (−/+);
exerted significant individual effects (p < 0.05) on adjusted CAT levels. In addition, a
significant interaction was found between H2O2 and Aβ treatment and among all three

treatments taken together. Effect sizes were estimated by appropriate generalized ω2 ( ) or

partial  for a three fixed–effects model, for each individual effect, and for effects taken
two at a time (Olejnik and Algina, 2003). Effect sizes were categorized presuming sufficient

analogy between η2 and  (Cohen, 1988; Rosenthal, 1994; Hopkins, 2000). This may have
actually underestimated the effect size, since ω2 is a more conservative estimator than η2

(Warner, 2008).

Treatments altered expression in all three clones, including pCAT3P in a complex manner
(Fig. 4). However, deeper analysis of results showed differential effects by clone and each
treatment. Specifically, when analyzed by individual effects, instead of as a whole (Fig. 5).
Each insert resulted in higher levels of CAT reporter protein when compared to unmodified
pCAT3P (Fig. 5A). The clone identified herein as −3833G–CAT produced greater levels of
CAT protein as measured by ELISA than did −3833A–CAT. This agrees with our previous
findings regarding transfection of these clones without other treatment (Lahiri et al., 2005b).
Treatment with Aβ25–35 (Fig. 5B) or peroxide (Fig. 5C) also resulted in significant single–
effect differences.

When considered in interactions of two effects (Fig. 6), the most interesting combination
was clone × Aβ. Specifically, while Aβ treatment (holding effects of H2O2 treatment
constant) significantly increased CAT protein levels for −3833G–CAT transfected cells, no
similar response occurred in −3833A–CAT or pCAT3P transfected cells (Fig. 6A). When
peroxide treatment vs. clone was examined, H2O2 treatment resulted in increased CAT
protein levels regardless of specific promoter fragment insert (Fig. 6B). This is a notable
contrast to the different effects of Aβ on each clone. DNA sequence specificity for Aβ
treatment response was observed, while H2O2 treatment produced a nonspecific response
that was not altered by changes in the Aβ–binding target sequence. Finally, interaction
between Aβ and H2O2 treatments (Fig. 6C) had some significance (p = 0.048), possibly
explained by effect of H2O2 in facilitating uptake of external Aβ into the cell.

4. Discussion
In addition to forming extracellular plaque in AD, Aβ is neurotoxic in monomers and
oligomers (Walsh et al., 2002; Morgan et al., 2004; Ono et al., 2009). Aβ does play a
multifaceted physiological role, including kinase induction (Bogoyevitch et al., 2004),
reducing metal–induced oxidative damage (Baruch-Suchodolsky and Fischer, 2009),
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regulating cholesterol transport (Igbavboa et al., 2009), and altering glutamatergic
transmission in the basal forebrain (Chin et al., 2007).

While Aβ is normally a secreted peptide, oxidative stress can induce intracellular
localization of the peptide (Ohyagi et al., 2005; Ohyagi and Tabira, 2006). Structural studies
have indicated that Aβ in its non–pathogenic α conformation, may have a structure common
to certain transcription factors and Aβ1–42 binds DNA in vitro (Durell et al., 1994;
Barrantes et al., 2007). Extending such findings, Ohyagi et al demonstrated Aβ peptide
effects on TP53 apoptosis–associated protein gene expression (Ohyagi et al., 2005). Aβ
enhanced p53 levels by direct interaction with a proximal 5′–region of the TP53 promoter/
5′–UTR sequence. Transcription factors ASCL1 and OLIG2 are also 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). Such activity has been demonstrated
specifically with the Aβ25–35 peptide for the SLC38A1 gene (Buntup et al., 2008). Another
cleavage product of the APP protein, APP protein intracellular domain fragment (AICD),
forms part of the AICD/KAT5/APBB1 “transcription factory” complex (ATF) (Konietzko et
al., 2010). ATF can regulate APP gene transcription (von Rotz et al., 2004). However, Aβ
stimulation of BACE1 RNA transcription occurred independently of addition of AICD
(Giliberto et al., 2009), suggesting that APP protein processing may generate multiple
transcriptionally active peptides. Indeed, Aβ was recently shown to stimulate its own
secretion (Marsden et al., 2011), and this study suggested a mechanism involving direct
interaction with the APP and BACE1 regulatory regions.

Regulation of APP protein expression occurs at several levels. In addition to regulation
through SP1 sites and GC box binding proteins in the proximal promoter region (La Fauci et
al., 1989; Pollwein et al., 1992; Dosunmu et al., 2009), and through other proximal (Ge et
al., 2004a) and distal promoter elements (Lahiri et al., 1999), APP mRNA translation is
regulated at both the 5′–UTR (Ge et al., 2004b; Lahiri et al., 2005a) and 3′–UTR (Long and
Lahiri, 2010). In addition, promoter–like activity has been found within the CDS regions of
the APP gene (Vostrov et al., 2010). Our work suggests an additional mechanism of APP
regulation that involves polymorphism–specific feedback between Aβ levels and
transcriptional activity of its precursor gene.

We have recently demonstrated the existence of a generalized AβID that has a consensus of
“KGGRKTGGGG”, primarily through electrophoretic mobility shift assays (Maloney and
Lahiri, 2011). However, binding of Aβ to DNA in vitro would be moot if the peptide did not
exist intracellularly and interact with chromatin. Intracellular Aβ has been previously shown
to exist (Ohyagi et al., 2005; Ohyagi and Tabira, 2006). We confirmed such presence further
when comparing cells treated with FITC–Aβ1–40 + H2O2 to cells treated with FITC–Aβ
alone. FITC signal was observed in a minority of nuclei in either case, but it was
significantly more common in H2O2 treated cells. We also observed that dead cells treated
with H2O2 were almost invariably labeled with FITC–Aβ1–40. This suggests that Aβ
internalization could be involved in the process of oxidative stress mediated cell death.
Previous observations of TP53 activation by intracellular Aβ (Ohyagi et al., 2005) and the
antioxidant role of p53 (Sablina et al., 2005) are consistent with a cell death pathway
involving Aβ and the p53 pathway.

Investigation of chromatin–protein interaction within live cells via ChIP suggested that the
Aβ peptide interacts with the chromatin of SK–N–SH human neuroblastoma cells, which
strongly supports the intra-nuclear localization of Aβ1–40 suggested by the live-cell
imaging data. More specifically, it may bind within two 200 bp regions of chromatin
corresponding to −3899/−3708 in the APP gene promoter and to −205/−27 in the BACE1
gene promoter. Both of these regions include Aβ binding oligomer sites, at 3833 in the APP
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promoter at and at −119 in the BACE1 promoter. We also determined that Aβ binding signal
within the APP promoter is unlikely to result from binding of by full–length APP to DNA,
as immunoprecipitation with the N–terminal binding negative control antibody 22C11 did
not produce a PCR signal. To date, no positive ChIP result has been reported using the
22C11 antibody. The APP and BACE1 promoter regions found to contain AβIDs that have
in situ activity in human neuroblastoma cells are also produced a signal consistent with SP1
binding, which suggests the possibility that Aβ and SP1 may interact. The “G” vs. “A” SNP
status at −3829 (within the AβID at −3833/−3824) in the APP promoter of SK–N–SH cells
is currently unknown. However, in situ transcription factor interaction with a potential target
site is more complex than is indicated by the “naked DNA” model of EMSA. We, therefore,
consider our ChIP data to be strongly supportive rather than conclusive.

To demonstrate activity associated with Aβ binding to selected promoter sequences, we
constructed luciferase fusion clones with a 3.3 kb fragment of the BACE1 5′–flanking
region and a 1.2 kb fragment of the APP 5′–flanking region. The BACE1 sequence
contained a single confirmed AβID while the APP sequence contained no predicted AβIDs.
PRCN cultures were transiently transfected with each of these luciferase fusion reporter
clones, and the transfected cells were treated with Aβ peptides 1–28, 1–40, and 1–42. In our
system, all three peptides had some apparent effect on BACE1 promoter activity, as
measured by reporter activity levels. This is in contrast to Ohyagi et al, who determined that
Aβ1–42 altered expression levels of the TP53 promoter but Aβ1–40 did not (Ohyagi et al.,
2005). In addition, our Aβ1–28 did not show DNA binding capacity as measured by EMSA
(Maloney and Lahiri, 2011) but was associated with changes in reporter gene activity levels.
The apparent effect on promoter activity without direct DNA binding suggests that, in
addition to direct Aβ–DNA interaction, Aβ may regulate BACE1 promoter activity through
other mechanisms.

We have noted that a potential Aβ binding motif starting at −3833 in the APP promoter had
Aβ binding activity, and this activity was greatly reduced by a naturally occurring G→A
SNP. Response to Aβ treatment differed between polymorphic insert variants, suggesting
specific differences in Aβ binding activity at the polymorphic site. Both variants and the
pCAT3P vector responded to H2O2 stimulation, suggesting that response to Aβ treatment is
specific to Aβ–DNA interaction at the polymorphic site and not a general oxidative stress
reaction from Aβ activity as an oxidizing species. We, therefore, suggest that this particular
site in the APP promoter may be an active site for Aβ activity as a transcription factor in
vivo and that differences in Aβ interaction at the site may correspond to differential risk of
AD depending on the SNP. The peptide used for this experiment was Aβ25–35, which
induces transcription of the BACE1 gene promoter (Tabaton et al., 2010) and reduces
transcription of the SLC38A1 gene (Buntup et al., 2008). Our own work did not show that
this peptide had different binding affinity based on the polymorphism in EMSA (Maloney
and Lahiri, 2011), but our assay used a great excess of Aβ25–35, which could have
overcome an incomplete reduction in DNA–protein affinity. Alternately, segments of the Aβ
peptide outside the 25–35 range could also contribute to sequence specificity such that part
of the peptide that might interfere with binding to the −3833A version of the SNP is
excluded from this truncated peptide.

The −3833G variant is associated with reduced AD risk in a test population (Lahiri et al.,
2005b). Our in vitro and cell culture work, herein, has indicated that this allele confers both
greater affinity for and activity of full–length 1–40 and 1–42 Aβ peptide than with −3833A.
While it is tempting to associate increased transcription of the APP gene with greater risk of
AD, APP is neuroprotective when processed through the α–secretase cleavage pathway
(Fahrenholz and Postina, 2006; Postina, 2008). Since the end products of APP metabolism
can be either neurotrophic or neurotoxic, these data alone do not fully explain the protective
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effect of the −3829G SNP but rather add to our expanding knowledge of the varied function
of Aβ. Potential pathological effects of Aβ activity may, therefore, include stimulation of
BACE1 overexpression and stimulation of other apoptotic pathways, rather than through
upregulation of APP gene expression.

The many functions of the Aβ peptide may include acting as a transcription factor that
directs apoptosis and regulates its own production through feedback on expression of its
precursor protein and the β–secretase enzyme (Fig. 7A). Aβ production may be stimulated
as a neuroprotective mechanism under cytotoxic conditions (Fig. 7B), until a pathogenic
threshold is crossed, and in turn increasing transcription of APP and BACE1 genes to
pathological levels, further stimulating its own production in a positive feedback loop.
Additionally, increased Aβ would result in a “cytotoxic pair response” involving increased
ASCL1 and decreased OLIG2 gene products. The combination would result in greater Aβ
production, stimulating the production of apoptotic proteins such as p53

Current treatments for AD concentrate upon remediation of cholinergic loss or other specific
receptor–based treatments (Lahiri et al., 2003). However, even if restricting AD etiology to
effects of Aβ, evidence exists to suggest a wide variety of pathways that are worth
exploration (Lahiri and Maloney, 2010a). Furthermore, other pathways, such as those that
lead to loss of synaptic markers, may not be directly caused by Aβ and could be targeted
through separate mechanisms (Bailey and Lahiri, 2010). Several promising compounds with
varied modes of action have recently failed in clinical trials, including phenserine,
metrifonate, tarenflurbil, dimebon, and most recently, semagacestat, highlighting the
difficulties in slecting effective targets for potential AD treatments (Sambamurti et al.,
2011). These failures highlight both the difficulty in translating a compound from pre–
clinical conceptualization to clinical use, and the potential need to re–examine the
methodologies applied in these clinical trials (Becker and Greig, 2010a; Becker and Greig,
2010b).

Nevertheless, given our data and the work of others cited herein, we propose that Aβ’s very
broad range of potential functions could be extended to include activity as a DNA
transcription factor, modifying expression of AD–related genes, such as APP and BACE1
and glutamatergic pathway genes, such as SLC38A1. We have confirmed that oxidative
stress can induce uptake of extracellular Aβ peptide into neuronal cells. Finally, we have
determined that the Aβ peptide alters promoter–reporter clone activity in a DNA sequence–
specific manner. Our own work has concentrated on gene sequences intimately tied with
pathogenesis of AD. However, preliminary examination of sequences downloaded from the
Eukaryotic Promoter Database (Schmid et al., 2006) produced multiple instances in other
gene promoters of high–quality matches for the AβID weight matrix that we developed
(Maloney and Lahiri, 2011). Determination of functional or structural gene families in
which the AβID may be over– or underrepresented will serve to further elucidate the overall
role of Aβ as a transcription factor both within a healthy organism and potentially point to
pathogenic activity of Aβ in associated disorders.
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AICD APP protein intracellular domain fragment

APP Aβ–precursor protein

APP Aβ–precursor protein gene

ASCL1 achaete–scute complex homolog 1 gene

ATF AICD/KAT5/APBB1 transcription factory complex

Aβ amyloid beta–peptide

BACE1 β–amyloid cleaving enzyme 1/β–secretase gene

EMSA electrophoretic mobility shift assay

FITC fluorescein isothiocyanate

HSE heat shock element

OLIG2 oligodendrocyte lineage transcription factor 2 gene

p53 tumor protein 53

PC12 rat pheochromocytoma cells

PRCN primary rat cerebrocortical neuronal (culture)

SNP single–nucleotide polymorphism

SLC38A1 solute carrier family 38 member 1 gene

SP1 specificity protein 1

TP53 tumor protein 53 gene
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Fig. 1. Chromatin Immunoprecipitation (ChIP) assay of Aβ in NB cell nuclei
ChIP and PCR were carried out as described in the text. A. ChIP for Aβ binding a 200 bp
region containing the predicted APP −3833 AβID. B. ChIP for Aβ binding a 200 bp region
containing the BACE1 −119 AβID. C. Precipitated, cross–linked chromatin was probed for
presence of Aβ peptide (lanes 4, 8), SP1 (lanes 5, 9), and the N–terminus of the APP protein
(lane 6) within the indicated region of the APP promoter. D. Precipitated, cross–linked
chromatin was probed for presence of Aβ peptide (lanes 4, 9), SP1 (lanes 5, 10), and β–
galactosidase (lanes 6, 11) within the indicated region of the BACE1 promoter. Treatment
conditions in the cells and other appropriate controls in the assay were as indicated in the
figure.
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Fig. 2. Treatment of SK–N–SH cells with Aβ in the presence or absence of H2O2
Human SK–N–SH neuroblastoma cells were treated with FITC–Aβ1–40 in presence or
absence of H2O2 as described in the text. Cells were incubated with these treatments for 48
hours and visualized with Hoechst 33342 dye, and EtHD, corresponding to all cell nuclei
and dead nuclei, respectively. Cells were fluorescently imaged at appropriate wavelengths
for FITC, Hoechst treatment, and EtHD treatment. A and E. with all nuclei labeled with
Hoechst 33342. B and F. FITC–Aβ1–40 labeled nuclei. C and G. Dead cells labeled with
EtHD. D and G. Composite of all three fluorescent signals overlaid on a phase contrast
image of the cells.
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Fig. 3. Effects of Aβ treatment on APP and BACE1 5′–flanking sequence activity
A. A 1.2 kb fragment of the APP 5′–flanking region (Song and Lahiri, 1998) was cloned
into the pGL3 luciferase expression vector as described in the text. The APP fragment
contains a putative site for Aβ binding. B. A 3.3 kb fragment of the human BACE1 5′–
flanking region (Ge et al., 2004b) was cloned into the pGL3 luciferase expression vector as
described in the text. The BACE1 fragment contains a confirmed site for Aβ binding,
determined herein. Primary rat cerebrocortical neuronal (PRCN) cultures were transiently
transfected with a Renilla luciferase control vector and C. APP/pGL3 firefly luciferase
fusion clone or D. BACE1/pGL3 luciferase fusion clone. Transfected cells were left
untreated or treated with Aβ1–28, 1–40, or 1–42, all 1 μM. Cells were harvested and
activities of firefly and Renilla luciferases were measured. Firefly luciferase activity within
each treatment was normalized to corresponding Renilla luciferase activity. All within each
cell type was then normalized to the average firefly/Renilla ratio for untreated APP/
luciferase fusion activity. Letters above data bars indicate general linear mixed model
multiple range categories. Samples sharing a letter do not significantly differ at p < 0.05.
Thus, no differences in APP promoter activity were found between any treatment group,
while there were significant increases in BACE1 promoter activity in the Aβ1–28 and Aβ1–
42 treatment groups relative to untreated cells and Aβ1–40 was similar to vehicle.

Bailey et al. Page 17

Gene. Author manuscript; available in PMC 2012 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4. Differential response of a single–nucleotide polymorphism of the APP promoter to Aβ
treatment, all three effects combined
Polymorphic promoter/enhancer CAT expression clones and pCAT3P were transfected into
PC12 cells and the transfected cells were treated with H2O2 and Aβ, singly or in
combination, as described in the main text. Reporter CAT ELISA signal was normalized to
total cell protein. Results are presented as proportional to untreated pCAT3P vector
transfected cells. Letters above data bars indicate general linear mixed model multiple range
categories. Statistical significance is indicated by letters above the data bars, with samples
sharing a letter do not significantly differ at p < 0.05, and conversely, samples not sharing a
letter are significantly different at p < 0.05.
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Fig. 5. Differential response of a single–nucleotide polymorphism of the APP promoter to Aβ
treatment taken as single effects
Polymorphic promoter/enhancer CAT expression clones and pCAT3P vector plasmid were
transfected into PC12 cells and the transfected cells were treated with H2O2 and Aβ, singly
or in combination, as described in the main text. Reporter CAT ELISA signal was
normalized to total cell protein. A. Both of the clones tested (A and G) had significantly
higher activity than the vector, and the G allele was significantly more active than the A
allele. B and C. Both Aβ and H2O2 treatment significantly increased activity of this site,
independent of the polymorphism. Results are presented as proportional to untreated
pCAT3P vector transfected cells. Letters above data bars indicate generalized linear mixed
model multiple range categories. Samples sharing a letter do not significantly differ at p <
0.05. For Aβ treatment and H2O2, “*” indicates significant difference at p < 0.05.

Bailey et al. Page 19

Gene. Author manuscript; available in PMC 2012 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6. Differential response of a single–nucleotide polymorphism of the APP promoter to Aβ
treatment analyzed as pairs of effects
Polymorphic promoter/enhancer CAT expression clones and pCAT3P were transfected into
PC12 cells and the transfected cells were treated with H2O2 and Aβ, singly or in
combination, as described in the main text. CAT ELISA signal was normalized to total cell
protein. Results were then normalized to adjusted signal for untreated pCAT3P transfected
cells and expressed as marginal means estimated by holding a single effect (clone, Aβ
treatment, or H2O2 treatment) constant. A. Aβ treatment increased transcriptional activity of
the G but not the A clone. Both clones were significantly more active than the pCAT3P
vector. B. H2O2 treatment increased the activity of both clones, indicating that this effect is
not sequence–specific. C. Aβ treatment in the absence of H2O2 increased promoter activity,
and H2O2 increased promoter activity significantly both in the presence or absence of Aβ.
Letters above data bars indicate generalized linear mixed model multiple range categories.
Samples sharing a letter do not significantly differ at p < 0.05. Although the −H2O2/−Aβ
treatment had a significant difference from combinations that were treated with H2O2,, Aβ,
or H2O2 + Aβ, when examining Aβ × H2O2, the interaction was not significant overall by
Type III test.
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Fig. 7. Models of Aβ feedback and activity as a transcription factor
A. Non–cytotoxic pathway. Aβ levels are insufficient to significantly activate apoptotic
genes such as TP53 and the “cell death pair response” of upregulated ASCL1 and
downregulated OLIG2 through their AβID sequences. These levels maintain APP and
BACE1 at non–pathogenic levels. B. Cytotoxic pathway. Aβ levels and resulting APP and
BACE1 production are stimulated by conditions such as metal–induced oxidation (ROS),
which ultimately results in increased production of Aβ peptides. The levels of Aβ are
sufficient to significantly increase levels of p53 and induce the “cell death pair response” of
upregulated ASCL1 and downregulated OLIG2. Additional Aβ is produced beyond what is
required for physiological function, and the excess Aβ becomes deposited as amyloid
plaque.
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Table 2

Treatment of human neuroblastoma (SK–N–SH) cultures with peroxide (H2O2) + Aβ vs. treatment with
vehicle +Aβ

All Nucleia All Live Nucleib Live, with FITC signalc

Vehicle 1873 1736 (92.7%)d 239 (13.8%)e

H2O2
f 1727 1519 (88.0%) 505 (32.2%)

a
Counts of nuclei stained by Hoechst 33342 dye.

b
Counts of nuclei stained by Hoechst 33342 dye minus counts of nuclei stained by Hoechst and EtHD. Fisher’s exact test p < 10−5, odds ratio

0.576 (“small” effect size).

c
Counts of nuclei not stained by EtHD but positive for Hoechst 33342 and FITC fluorescence. Fisher’s exact test p < 10−15, odds ratio 3.118

(“moderate” effect size).

d
Percent is live nuclei vs. all nuclei.

e
Percent is live with FITC vs. live without FITC.

f
50 μM H2O2.
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