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Abstract

In this study, we employed chromatin immunoprecipitation, a useful method for studying the
locations of transcription factors bound to specific DNA regions in specific cells, to investigate
amyloid precursor protein intracellular domain binding sites in chromatin DNA from hippocampal
neurons of rats, and to screen out five putative genes associated with the learning and memory
functions. The promoter regions of the calcium/calmodulin-dependent protein kinase Il alpha and
glutamate receptor-2 genes were amplified by PCR from DNA products immunoprecipitated by
amyloid precursor protein intracellular domain. An electrophoretic mobility shift assay and
western blot analysis suggested that the promoter regions of these two genes associated with
learning and memory were bound by amyloid precursor protein intracellular domain (in complex
form). Our experimental findings indicate that the amyloid precursor protein intracellular domain
is involved in the transcriptional regulation of learning- and memory-associated genes in
hippocampal neurons. These data may provide new insights into the molecular mechanism
underlying the symptoms of progressive memory loss in Alzheimer’s disease.
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INTRODUCTION

Alzheimer’s disease (AD) is the most
common type of dementia, and is
characterized clinically by progressive
cognitive deterioration and memory loss!™.
Amyloid precursor protein (APP), the main
AD-related protein, is a glycosylated type |
transmembrane protein that can be cleaved
through sequential proteolytic processing by
B- and y-secretase to generate three parts: a
large extracellular domain (soluble APP (3)
including the N-terminus, a 40- or 42-amino
acid peptide that is widely implicated in the
pathogenesis of AD, and a 59- or 57-amino
acid (6 kDa) APP intracellular domain (AICD)
including the C-terminus, located in the
cytoplasm®?.

In neurons, APP is required for
synaptogenesis, synapse remodeling and
neurite outgrowth™. However, neither APP
itself nor amyloid (3 peptide can explain the
complexity of AD and researchers have
recently been evaluating the potential gene
regulatory function of AICD suggested by
the y-secretase mediated cleavage of Notch,
another type | transmembrane protein,

resulting in the release of the Notch
intracellular domain from its membrane
anchor and its subsequent translocation into
the nucleus where it alters gene
transcription®. The function of AICD as a
signaling protein has been suggested to be
dependent on the interaction of AICD with
several transcriptional coactivators/
corepressors® Formation of an AICD-Fe65-
Tip60 complex® enables the AICD to
mediate transcription. A number of
AICD-regulated genes have recently been
reported, but these have not been clearly
defined and most of the reports resulted
from research at the mRNA level and/or by
overexpressing AICD with its coactivators.
The identified AICD-effected genes include
APP, B-secretase aspartyl protease-
cleaving enzyme!™, Tat-interactive protein,
glycogen synthase kinase 3 beta™”,
Kangai", neprilysin™?, transgelin, acyl
coenzyme A-cholesterol acyltransferase,
and thiopurine S-methyltransferase™®. The
regulation of some of these is
controversial™ because the process of
gene expression is complicated and is
influenced by a lot of factors; much of the
previous research was based on
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over-expression of AICD, so it is debatable whether the
genes found to be regulated are representative of the
physiological situation™ ****. For a better understanding
of the target genes directly regulated by AICD, the
regulatory sites of genes bound by AICD should be
identified. This level of detail has been ascertained for
only one gene, that encodes epidermal growth factor
receptor, which is associated with tumorigenesis™.
However, to date, there has been no AICD-targeted gene
reported to be correlated with the learning and memory
symptoms of AD.

To identify whether learning- and memory-related genes
are directly regulated by the binding of AICD to
chromatin DNA, we employed chromatin
immunoprecipitation, a method that is extremely useful
for studying the locations of transcription factors bound to
specific DNA regions in specific cells™®*"\. Five neuronal
activity-regulated genes and genes involved in synaptic
plasticity, synaptogenesis and memory formation were
examined in this experiment™®, namely, the genes
encoding brain-derived neurotrophic factor promoter I,
cyclic adenosine monophosphate-response element
binding protein, protein kinase M zeta,
alpha-calcium-calmodulin kinase Il (CaMKIlla) and
glutamate receptor-2 (GluR-2). Our results show, for the
first time, that the promoters of the CaMKIla and GIuR-2
genes, which are associated with learning and memory,
can be directly bound by the AICD complex in
hippocampal neuronal cells. This was also confirmed by
the incubation of promoter DNA fragments with cell
lysates from rat hippocampus followed by an
electrophoretic mobility shift assay. These provide new
insights into the molecular mechanisms underlying the
progressive symptoms of AD in terms of learning and
memory dysfunction.

RESULTS

Purification and identification of expressed
maltose-binding protein (MBP)-AICD fusion protein
We expressed AICD as a MBP-AICD fusion protein,
which enabled the purification of fused protein through
MBP using an amylose affinity column. Purified
MBP-AICD, an approximately 48 kDa fusion protein, was
highly expressed in isopropyl--D-thiogalactoside-
induced BL21 cells and appeared as a single band on
10% sodium dodecyl! sulfate-polyacrylamide
electrophoresis gels (Figure 1A). The fusion protein
could be recognized by an anti-APP C-terminal (amino
acids 676-695 of APP695) antibody in western blot
analysis, while MBP alone could not (Figure 1B).
Promoters of learning and memory associated genes,
CaMKlla and GIuR-2, are bound by AICD

Using primer pairs for the promoter regions of five genes
associated with learning and memory formation
(CaMKlla, GluR-2, brain-derived neurotrophic factor,
cyclic adenosine monophosphate-response
element-binding protein and protein kinase M zeta), only
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two DNA fragments were amplified from AICD-ChIP-DNA
(DNA immunoprecipitated by MBP-AICD), namely, the
promoter regions of CaMKIlla and GIuR-2. By contrast,
all five promoter fragments were amplified from
Input-DNA (DNA not immunoprecipitated with any
antibody) and no promoter fragment was amplified from
IgG-ChIP-DNA (DNA immunoprecipitated by 1gG) (Figure
2A).
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Figure 1 The maltose-binding protein (MBP)-amyloid
precursor protein intracellular domain (AICD) fusion
protein was expressed, purified and detected in vitro.

(A) Whole-cell extracts from E. coli BL21 transformed with
AICD/pMAL-c2 plasmids either noninduced (lane I) or
induced by isopropyl-B-D-thiogalactoside (lane Il), purified
MBP-AICD (lane Ill) and MBP (lane IV) were separated on
10% sodium dodecyl sulfate-polyacrylamide
electrophoresis gels and stained with Coomassie brilliant
blue.

(B) MBP-AICD (lane I, corresponding to lane Ill in Figure
1A) but not MBP (lane Il, corresponding to lane IV in
Figure 1A) was recognized by a specific antibody against
AICD in western blot analysis.

A B
CaMKIIQ zesccroaa’focrascassiPacreacescPcrararccatic

250 BDNF-PI
100
250

100

100

CREB

CaMKlla  G|ur-2

250
100

250
100

Figure 2 An amyloid precursor protein intracellular
domain (AICD)-containing complex directly binds to the
promoters of CaMKIlla and GIuR-2 genes.

(A) Input-ChIP-DNA (1), negative control rat IgG (2) and
AICD-ChIP-DNA (3) were amplified via PCR, using primer
pairs for the promoter regions of five genes associated
with learning and memory, and the products were resolved
on 1.5% agarose gels followed by ethidium bromide
staining.

(B) The two fragments, amplified from AICD-ChIP-DNA
using primers against the promoter regions of the CaMKlla
and GIuR-2 genes, were sequenced and are shown as
partial sequences of the original color charts.

BDNF-PI: Brain-derived neurotrophic factor promoter I;
CREB: cAMP-response element binding protein; PKM(:
protein kinase M zeta; CaMKIla: alpha-calcium-calmodulin
kinase Il; GIuR-2: glutamate receptor-2; ChIP: chromain
immunoprecipitation.
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Table 1 shows the two DNA fragments amplified from the
AICD-ChIP-DNA to be completely identical to the
promoters of the CaMKIla gene (Gene ID: 25400) and
the GIuR-2 gene (Gene ID: 29627), shown in partial color
charts from the original sequencing data (Figure 2B) and
in full sequences, respectively.

Table 1 Sequences amplified from AICD-ChIP-DNA using
primers against the promoter regions of the CaMKlla and
GluR-2 genes

Gene PCR-amplified sequences

CaMKlla gacctggatgctgacgaaggctcgcgaggctgtgagcageca-
cagtgccctgctcagaagccccaagcetcgtcaat-
caagctggttctccatttgcactcaggag-
cacgggcaggcgagtggcccctagttctgggagcagagtatcag-
catcccagtcctagtcccgagcectaaagectcgectgectgecccagtge
caggatggctaccatcacctg (219 bp)

acagagaggggcaggcagtctcgggegegegtgegegactcaagg-
caggcagggagctcgegeacctaccectceeccegea-
cagcgccectgcaccctgca-
cagccctggeagcttctgcacggtgccgagaaagcetcagcetca-

Nnancecnnncancotantacctottanal

These sequences were identical to the promoters of CaMKlla and
GluR-2. CaMKlla: Alpha calcium-calmodulin kinase II; GluR-2:
glutamate receptor-2; AICD: amyloid precursor protein intracellular
domain; ChlIP: chromain immunoprecipitation.

GluR-2

Promoter fragments of CaMKIlla and GIuR-2 are
bound by the AICD-containing protein complex
detected by electrophoretic mobility shift assay

The two promoter DNA fragments bound by AICD were
incubated with whole cell protein extract of
hippocampus plus MBP-AICD fusion protein or troponin
t or with protein extract only; both fragments were
obviously shifted and lagging by 1.5% agarose
electrophoresis. This result indicated that the two
promoter fragments were bound by hippocampal
proteins, but not by MBP-AICD or troponin t only in vitro
(Figure 3A). To verify whether only AICD was involved
in the DNA binding protein complexity, the DNA-protein
complexity bands in Figure 3A were transferred onto
polyvinylidene difluoride membranes and
immunoblotted with an antibody against AICD or
troponin t. Only the shifted bands could be recognized
by the specific antibody against AICD. In addition,
adding MBP-AICD to these samples significantly
increased the amount of bound protein complex (lanes
II, 11l and IV or lanes 2, 3 and 4 in Figure 3B). No bands
were recognized in immunoblotting reactions using
antibody against troponin t.

DISCUSSION

AICD, a 57- or 59-amino acid peptide, is extremely labile
and can be further degraded by insulin degrading
enzyme™ or the proteasome!®. It is difficult to acquire
pure AICD in vitro or detect its existence in vivo.
Therefore, to stabilize AICD peptide!™, we expressed it
as MBP-AICD, a fusion protein with the physical
chemistry characteristics of AICD. Western blot analysis

was used to test whether MBP-AICD could be utilized in
ChIP experiments.
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Figure 3 Promoter DNA fragments were bound by an
AICD-containing protein complex.

(A) Electrophoretic mobility shift assay of promoter DNA
fragments incubated with hippocampal protein extracts:
Lanes | and 1 contain promoter DNA fragments only; lanes
Il and 2 contain DNA plus protein extracts; lanes Ill and 3
contain DNA plus protein extracts with additional
MBP-AICD; lanes IV and 4 contain DNA plus protein
extracts with additional troponin t; lanes V and 5 contain
DNA plus MBP-AICD; lanes VI and 6 contain protein
extracts only; lanes VIl and 7 contain MBP-AICD only;
lanes VIII and 8 contain troponin t only.

(B) Western blot signal immunoblotted by anti-AICD
antibody after electrophoretic mobility shift assay and
transfer. The lanes are marked corresponding to those in
Figure 3A. In this experiment, only lanes II, Ill, 1V, 2, 3, and
4 were positive for the anti-AICD antibody and not for the
anti-troponin t antibody, demonstrating the involvement of
AICD in the lagging of the DNA-protein complex.

Data are expressed as mean * SD of triplicate
determinations from three independent experiments. 2P <
0.01, vs. lanes 11, IV, 2, and 4 using the two-tailed Students
t'-test. CaMKIla: Alpha-calcium-calmodulin kinase II;
GluR-2: glutamate receptor-2; AICD: amyloid precursor
protein intracellular domain; MBP: maltose-binding protein.

In contrast to research carried out at the mRNA level
using models overexpressing AICD, our study was
designed to investigate an effect at the chromatin DNA
level by using primary cultured hippocampal neurons to
discover what memory-associated genes are directly
bound by AICD or an AICD-containing protein complex
under physiological conditions. Thus, it was deemed that
the results obtained would be close to the status in vivo.
The results of this study confirmed that an
AICD-containing protein complex could bind to promoter
region-containing fragments of the CaMKlla and GluR-2
genes, suggesting that AICD might participate in the
transcriptional regulation of these two genes.
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Furthermore, AICD can recruit its endogenous partner
proteins to increase partner protein binding to
corresponding gene promoters.

Many proteins have been reported to be part of an
AICD-containing protein complex competing for binding
to FE65, APP/AICD, or Tat-interactive protein via their
proteolytically generated intracellular domains, e.g.,
low-density lipoprotein receptor-related protein (LRP)
(an ApoE receptor), alcadein and the cytosolic X11/mint
adaptor proteins. LRP can be coupled to APP in a
trimeric complex, LRP/FE65/APP™Y and has been
reported to regulate APP/FE65/Tat-interactive protein
transcriptional activity negatively®?. In our
electrophoretic mobility shift assay and western blot
experiments, it was observed that the addition of
MBP-AICD increased the formation of AICD-containing
protein complexes. This is consistent with the idea that
AICD may have a number of roles mediated in many
ways through interactions with its adaptor protein(s)
including an AICD-dependent function in controlling
gene transcription, signal transduction, apoptosis, or
modulation of cytoskeletal dynamics.

CaMKlla and GluR-2 are the key subunits of CaMKII and
AMPAR, respectively. CaMKlla is required for
hippocampal long-term potentiation and spatial
learning®®. Interestingly, CaMKlla has the property of
autophosphorylation, which enables it to independently
bind postsynaptic N-methyl-D-aspartate-type glutamate
receptors resulting in the phosphorylation of NR2B
subunits, followed by the desensitization of NR2B
N-methyl-D-aspartate-type glutamate receptors. In this
way, it regulates N-methyl-D-aspartate-type glutamate
receptor-mediated postsynaptic plasticity®. GIuR-2 is a
critical subunit for mammalian a-amino-3-hydroxy-5-
methyl-4-isox-azolepropionic acid receptor function
related to a number of specific regulatory processes
involving gene expression, RNA editing and receptor
assembly®®!. Genetic manipulations of this subunit cause
the most profound phenotype of all a-amino-3-hydroxy-
5-methyl-4-isox-azolepropionic acid receptor subunits,
demonstrating the critical importance of GluR-2 for
normal brain function. Glutamate receptors are
substantially lost in AD, specifically, GIuR-2 subunits, the
postsynaptic density of which is reduced by up to 40%°.
Although detailed data of how AICD affects the
transcription of these two genes has not been described
in this research, we predict that an AICD-containing
protein complex may negatively regulate these two
genes in AD.

In summary, we have provided evidence, for the first time,
that an AICD-containing protein complex can directly
bind to the promoters of CaMKIla and GluR-2 genes
associated with neuron activity, synaptic plasticity,
learning and memory. Therefore, it is implicated that
AICD has a role in the transcriptional regulation of genes
involved in learning and memory. These results open
new areas of research into the molecular mechanisms of
and clinical treatments for AD.
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MATERIALS AND METHODS

Design

An in vitro observational experiment pertaining to
molecular biology.

Time and setting

This experiment was performed at the Department of
Neurobiology, School of Basic Medical Sciences,
Southern Medical University in China, between January
and December in 2010.

Materials

Atotal of 15 healthy male, Sprague-Dawley rats,
weighing 50-80 g, aged 1 day, were supplied by the
Experimental Animal Center of Southern Medical
University in China (license No. SCXK (Yue) 2006-0015).
All protocols were approved by the Guidance
Suggestions for the Care and Use of Laboratory Animals,
formulated by the Ministry of Science and Technology of
China.,

Methods

Expression of MBP-AICD fusion protein and its
identification by western blot analysis

The DNA fragment encoding AICD59, modified by the
addition of a BamHI (New England Biolabs (Beijing) Ltd.,
Beijing, China) site at the 5" terminus and a HindlIll (New
England Biolabs (Beijing) Ltd.) site at the 3’ terminus,
was amplified via PCR from full-length APP695 (New
England Biolabs (Beijing) Ltd.) and then cloned into the
MBP fusion expression vector pMAL-c2 (New England
Biolabs (Beijing) Ltd.). The AICD/pMAL-c2 plasmids
were transformed into competent E. coli BL21 (DE3)
cells (Novagen, Darmstadt, Germany) followed by
induction with isopropyl-B-D-thiogalactoside. The
purification procedure was performed as previously
described?®. The purified MBP-AICD fusion protein was
concentrated and stored at —20°C or resolved on 10%
sodium dodecy! sulfate-polyacrylamide gel
electrophoresis and transferred onto polyvinylidene
difluoride membranes. The membranes were saturated
for 1 hour at room temperature in Tris-buffered
saline/Tween-20 containing 5% nonfat dry milk, and then
incubated for 1 hour at room temperature with primary
antibody (1: 500; polyclonal rabbit anti-APP C-terminal;
Sigma, St. Louis, MO, USA), followed by incubation with
secondary antibody (1: 5 000; goat anti-rabbit IgG-HRP;
ZSGB-BIO, Beijing, China), in Tris-buffered saline/
Tween-20 with 5% nonfat dry milk for further 1 hour at
room temperature. The reactive bands were developed
by using the enhanced chemiluminesence kit (KeyGEN,
Nanjing, Jiangsu Province, China) and exposed to X-ray
film.

Isolation and primary culture of hippocampal
neurons

Hippocampi were dissected from 1-day neonatal
Sprague-Dawley rats, then incubated for 15 minutes in
trypsin/EDTA (0.05%/0.02% in phosphate buffered saline)
at 37°C after the blood vessels were carefully removed
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and dissociated by gentle trituration in phosphate
buffered saline. Dissociated cells were plated onto
100-mm poly-L-lysine (Sigma)-coated cell culture dishes
(Corning, NY, USA) at a density of 1 x 10° cells/cm? in
Neurobasal Medium (Gibco, Langley, OK, USA)
supplemented with 2% B27, 100 U/mL of
penicillin-streptomycin, 0.5 mM L-glutamine, 25 yM
glutamic acid, 0.2 mM uridine and 0.1 mM deoxyuridine.
Cells were incubated at 37°C with 5% CO, for 3 days and
subsequently fed without glutamic acid from day 4 by
replacing half of the medium twice a week for 10 days
before being used for ChIP procedure.

ChIP detection of AICD binding genes

ChIP assays were performed using a commercial kit,
ChIP-IT™ Express Enzymatic Kit (Active Motif,
Carlsbad, CA, USA) in accordance with the
manufacturer’s instructions. Briefly, primary cultured
hippocampal neuronal cells were fixed by 1%
formaldehyde and gently dounced in a Dounce
homogenizer to aid with release of nuclei. After
centrifugation, the nuclear pellets were resuspended
and enzymatically sheared to a range of 250-400 bp.
The sheared chromatin DNA was aliquoted and stored
at —80°C. Then, 7 ug of the resultant chromatin DNA
was incubated overnight at 4°C with anti-APP
C-terminal or the negative control rat IgG (Active Motif,
0.2 pg/uL) plus 25 yL of protein G magnetic beads in
each tube. After immunoprecipitation, the
antibody/protein/DNA complex was incubated at 95°C
for 15 minutes to reverse the protein/DNA cross-links.
DNA fragments immunoprecipitated by MBP-AICD and
IgG were respectively defined as AICD-ChIP-DNA and
IgG-ChIP-DNA, and the chromatin DNA not
immunoprecipitated with any antibody was defined as
Input-DNA. All these DNAs were purified and used as
the templates for PCR.

PCR analysis of learning- and memory-associated
genes bound by AICD

ChIP-DNA was amplified via PCR using primer pairs
specific for 150-250 bp segments corresponding to rat
gene promoter regions of genes involved in learning and
memory formation. The primer sequences were as
follows: brain-derived neurotrophic factor promoter 1?9,
5-TGATCATCA CTC ACG ACC ACG-3' and 5-CAG
CCT CTC TGA GCC AGT TAC G-3'; cyclic adenosine
monophosphate-response element-binding protein®?,
5-CTA CAC CAG CTT CCC CGG T-3'and 5-ACG GAA
ACA GCC GAG CTC-3" protein kinase M zetal*=?,
5-TGT TGA GTC TGG GCC CTC-3'and 5'-CCT GGC
CTC CGG ACC-3'; CaMKIIa®***? 5-GAC CTG GAT GCT
GAC GAA G-3'and 5-AGG TGA TGG TAG CCATCC
TG-3"; GIluR-2P", 5-GCG GTG CTA AAA TCG AAT GC-3'
and 5'-ACA GAG AGG GGC AGG CAG T-3. PCR
products were resolved on 1% agarose gels and
recovered using a Gel Extraction Kit (Qiagen, Valencia,
CA, USA). The recovered DNA fragments were
subjected to sequencing (Songon Biotech (Shanghai)
Co., Ltd., Shanghai, China) and stored at —20°C.

Electrophoretic mobility shift assay and
immunoblotting for AICD binding with CaMKlla and
GluR-2

Fresh hippocampus from Sprague-Dawley rats was
washed with cold phosphate buffered saline,
homogenized in cold cell lysis buffer included in the
above ChIP-IT™ Express Enzymatic Kit (Active Motif)
and incubated on ice, then centrifuged at 12 000 x g for
15 minutes at 4°C. The supernatant was collected as
whole cell protein extract. The recovered promoter
fragments of CaMKlla and GluR-2, mentioned above,
were incubated overnight with whole cell protein extracts
from rat hippocampus, whole cell protein extract plus
MBP-AICD, whole cell protein extract plus another
protein (troponin t), MBP-AICD and troponin t only. After
incubation, the samples were separated on 1% agarose
gel and visualized after ethidium bromide staining. The
bands in agarose gels were transferred onto
polyvinylidene difluoride membranes. The membranes
were then incubated for 2 hours at room temperature
with 1: 500 polyclonal rabbit anti-APP C-terminal (Sigma)
or with 1: 500 polyclonal mouse anti-troponin t antibody
(Sigma) and 1: 5 000 goat anti-rabbit/mouse IgG-HRP
(ZSGB-BIO, Beijing, China); bands were developed
using the enhanced chemiluminescence system and
membranes were exposed to X-ray film. Immunoreactive
bands were quantified by densitometric analysis using
AlphaEaseFC software (Alpha-Innotech, San Leandro,
CA, USA).

Statistical analysis

Data are expressed as mean + SD of triplicate
determinations from three independent experiments.
Statistical significance was determined using SPSS 13.0
software (SPSS, Chicago, IL, USA) with the two-tailed
Student’s t-test used for comparisons of independent
means. The threshold for statistical significance was P <
0.05.
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