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Abstract
Background: The amyloid precursor protein (APP) is genetically associated with Alzheimer's
disease (AD). Elucidating the function of APP should help understand AD pathogenesis and provide
insights into therapeutic designs against this devastating neurodegenerative disease.

Results: We demonstrate that APP expression in primary neurons induces β-catenin
phosphorylation at Ser33, Ser37, and Thr41 (S33/37/T41) residues, which is a prerequisite for β-
catenin ubiquitinylation and proteasomal degradation. APP-induced phosphorylation of β-catenin
resulted in the reduction of total β-catenin levels, suggesting that APP expression promotes β-
catenin degradation. In contrast, treatment of neurons with APP siRNAs increased total β-catenin
levels and decreased β-catenin phosphorylation at residues S33/37/T41. Further, β-catenin was
dramatically increased in hippocampal CA1 pyramidal cells from APP knockout animals. Acute
expression of wild type APP or of familial AD APP mutants in primary neurons downregulated β-
catenin in membrane and cytosolic fractions, and did not appear to affect nuclear β-catenin or β-
catenin-dependent transcription. Conversely, in APP knockout CA1 pyramidal cells, accumulation
of β-catenin was associated with the upregulation of cyclin D1, a downstream target of β-catenin
signaling. Together, these data establish that APP downregulates β-catenin and suggest a role for
APP in sustaining neuronal function by preventing cell cycle reactivation and maintaining synaptic
integrity.

Conclusion: We have provided strong evidence that APP modulates β-catenin degradation in vitro
and in vivo. Future studies may investigate whether APP processing is necessary for β-catenin
downregulation, and determine if excessive APP expression contributes to AD pathogenesis
through abnormal β-catenin downregulation.

Background
β-Catenin plays a central role in Wnt signalling in the
canonical pathway [1]. In the absence of Wnt signalling,
cytoplasmic β-catenin exists in a complex together with
axin, adenomatous polyposis coli (APC), and glycogen
synthase kinase (GSK)-3β. GSK-3β constitutively phos-
phorylates β-catenin at Ser33, Ser37, and Thr41 (S33/37/

T41) residues, triggering ubiquitinylation by a Cullin-1-
containing E3 ligase (also known as the SCF complex)
before proteasomal degradation [2-6]. Signalling by Wnt
through Frizzled and LRP cell surface receptors inhibits
GSK-3β and stabilizes β-catenin. When stabilized, β-cat-
enin translocates to the nucleus and functions as a tran-
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scription cofactor of the T cell factor (TCF), activating
responsive genes such as cyclin D1 and c-myc.

Several lines of evidence suggest that APP influences β-cat-
enin regulation. APP binds to APP-BP1 which activates
the small ubiquitin-like protein Nedd8 [7,8]. Activated
Nedd8 modifies Cullins which then becomes more stable.
When Cullin-1 in SCF is transiently stabilized, it increases
β-catenin ubiquitinylation and degradation [9]. In addi-
tion, APP plays an important role in cell-cell adhesion
[10], a function that may involve β-catenin. Membrane-
associated β-catenin anchors cadherins to the actin
cytoskeleton [11]. Interactions with cadherins may under-
lie an important role for β-catenin in synaptic integrity of
neurons [12]. Synaptic dysfunction is one of the earliest
events in AD pathogenesis [13], and APP appears to con-
tribute to synapse formation or stabilization [14-16].

Both APP and Presenilins are genetically associated with
AD. In addition to its role in APP processing, Presenilin-1
(PS1) also interacts with the cadherin/catenin adhesion
complex [17] and affects β-catenin delivery to the mem-
brane adhesion complex [18]. There is some controversy
surrounding the influence of PS1 and its FAD mutants on
β-catenin [19-26]. Similarly, different levels of β-catenin
have been reported in AD [27-29]. This is likely attributa-
ble to the complexity of these systems made possible by
multimodal interactions between APP, PS1, β-catenin,
and E-cadherin; a complexity that justifies more detailed
analyses of these systems. The purpose of this report is to
determine whether APP mediates β-catenin degradation
in vitro and in vivo. We provide critical evidence that APP
downregulates β-catenin in neurons.

Methods
Primary neurons
Pregnant Sprague-Dawley rats (E18, Charles River, Wilm-
ington, MA) were euthanized after being rendered uncon-
scious with CO2 according to the protocol approved by
the Institutional Animal Care and Use Committee. The
cortices from embryonic brains were gently triturated with
a fine-tipped transfer pipette right after dissection. Single
cells were counted and immediately plated in Neurobasal
medium containing B27 supplements (Invitrogen,
Calsbad, CA), 0.5 mM glutamine, 1% FBS, 1% equine
serum, and 1× penicillin/streptomycin (Sigma, St. Louis,
MO) at a density of 4 × 106 per 60-mm dish or 4 × 105 per
well of 24-well plate on poly-D-lysine-coated dishes. The
medium was replaced with fresh medium at 2 h after plat-
ing. Half of the medium was replaced with fresh medium
every three days. The adult rat brain and other organs were
dissected and frozen on dry ice before lysis and immuno-
blot analyses. Primary neurons were used at 7 DIV unless
noted otherwise.

HSV expression vectors and viral titers
Constructs of full length APP (APP695), mycAPP-BP1, and
LacZ (expresses β-galactosidase) in the pHSVprPUC vector
[7,30] were packaged into HSV-1 virus using the 2-2 cell
line as described by Lim et al. [31]. Each viral stock infec-
tious unit (IU) was determined by counting ten randomly
selected fields of infected primary neurons immuno-
stained for APP and myc tag, or cytochemically stained for
β-galactosidase using X-gal substrate (Roche).

Short hairpin RNA (shRNA)
RNA interference was achieved via shRNAs expressed
from the pHSVGET vector for neuronal expression [32].
Each shRNA duplex was designed with a TCA AGA G loop.
The APP shRNA was targeted to the following sequence:
5'-GCA GAA GAT GTG GGT TCA AAC-3' (APP1996). The
control shRNA included the missense sequence 5'-GCT
TCA TAA GGC GCA TAG CTA-3'. In some experiments,
the vector pHSVGET was used as a control. All constructs
were sequenced before HSV viral packaging. Viruses were
packaged as described [31]. The IU of each shRNA virus
was determined by the number of EGFP-expressing cells
after infecting primary neurons for 15 hours. EGFP-posi-
tive cells were visualized by fluorescence microscopy after
fixation in 4% paraformaldehyde for 15 min at room tem-
perature.

Neuron infection, western blots, and antibodies
For all western blot analyses, primary neurons in 60-mm
dishes were infected at 7 DIV with 1 or 2 IU per cell (for
protein expression), or at 0.5 or 1 IU per cell (for shRNA
knockdown analyses). At 14–15 h after infection, cells
were washed with cold phosphate-buffered saline (PBS)
and sonicated in lysis buffer (150 mM NaCl, 50 mM
sodium fluoride, 50 mM Tris-HCL, 10 mM β-glycerol
phosphate, 5 mM EDTA, 5 mM iodoacetamide, 1 mM
phenylmethylsulfonylfluoride, 1 mM sodium orthovana-
date, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,
pH 8.0). Protein concentrations were determined by the
bicinchronic acid (BCA) method; equal amount of pro-
tein was boiled in SDS sample buffer and resolved on
SDS-PAGE gels. The following antibodies were used: rab-
bit anti-β-catenin and mouse anti-γ-tubulin (both from
Sigma); anti-phosphorylated β-catenin antibodies, S33/
37/T41 and S45 (both from Cell Signaling); rabbit anti-
APP antibody (369, a gift from Dr. Sam Gandy). Chemi-
luminescence reactions were carried out using Chemi-
Glow (Alpha Innotech) and the blot digital images were
collected by the AlphaEase FC™ Imaging System and the
FluorChem™ IS-8800 software (Alpha Innotech). Multi-
ple exposures of each blot were routinely taken, and the
exposure that had specific protein bands within the linear
range in optical density was used for densitometry.
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Quantitative western blot analyses were based on three or
more independent experiments after densitometry tracing
of specific protein bands using the Scion Image software
(version 4.0.3.2, Scion Corporation). The optical densities
of the protein bands in equal area of space were deter-
mined after subtracting the background per individual
lane. In order to analyze the results across different exper-
iments, the optical density levels were then normalized to
γ-tubulin expressions in the respective western blot. The
normalized density units were then analyzed by one-tail
or two-tail t-Tests (more stringent) for two samples
assuming unequal variance using the EXCEL data analysis
tool (Microsoft Corporation). A p value of 0.05 or less was
considered to be statistically significant.

Cell membrane, cytosolic and nuclear fractions
The post-nuclear membrane fraction was isolated as
described [33]. Briefly, after transfection of HEK293 cells
for 40 hours, or after infection of primary neuronal cul-
tures for 15 hours, the medium was withdrawn, and cells
were harvested in ice-cold PBS, washed once, and homog-
enized by shearing through a 22-ga needle in buffer HS
(250 mM sucrose, 150 mM NaCl, 10 mM Tris-HCl, and 5
mM EDTA, pH 7.4) supplemented with a mixture of pro-
tease inhibitors (Sigma). All subsequent steps were carried
out on ice unless indicated otherwise. The crude nuclear
fraction was saved after the samples were centrifuged at
1500 × g for 10 min and resuspended in buffer HD (10
mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% SDS, and 5 mM
EDTA) with protease inhibitors. Membrane fractions were
collected from the postnuclear supernatants by centrifuga-
tion for 20 min at 14,000 × g and resuspended in buffer
HD with protease inhibitors. Proteins in the supernatant
(cytosolic fraction) were precipitated with 20% trichloro-
acetic acid. The precipitated proteins were washed with
95% ethanol. Protein pellets were resuspended in 1% Tri-
ton X-100 containing protease inhibitor mix (1:250).
Equal amount of proteins from membrane, cytosolic or
nuclear fractions were resolved by SDS-PAGE, transferred
to nitrocellulose membrane, and analyzed for β-catenin
by western blot analyses.

Dual luciferase assays
HEK293 cells were transfected with pGL3-OT or pGL-OF
(improved versions of pTOPflash and pFOPflash, respec-
tively) [34] and APP or a mutant APP construct. Renella
luciferase reporter (CMV-PRL, Promega) was included in
each sample to normalize transfection efficiency. The pos-
itive control was prepared from cells transfected with β-
catenin [35]. Cells were harvested at 40 h after transfec-
tion and dual luciferase assays were performed as
described in the manufacturer's protocol (Promega). Luci-
ferase activity was measured by a dual-injector microplate
luminometer (Turner Biosystems) using Veritas program.

Immunofluorescence microscopy
Primary neurons were fixed with 4% paraformaldehyde
for 40 m at room temperature. Cells were then washed
with PBS, blocked with 3% normal goat serum, and
stained with rabbit anti-β-catenin (Sigma) for 2 h at room
temperature. Cells were then washed and incubated with
Alexa Fluor 488-conjugated goat anti-rabbit for 1 h
(Molecular Probe). Counterstaining with DAPI was per-
formed in some cells by incubating for 2 m with DAPI (20
µg/ml). After 4× washes in PBS, cells were mounted in
90% glycerol. Negative controls were without primary
antibodies. The specificity of the anti-β-catenin antibody
was also demonstrated in western blots. Confocal images
were taken under a 63× objective with a Nikon D-Eclipse
C1 confocal microscope through z-series at the same set-
tings. Individual z-sections and composite images were
further grouped in Photoshop (version 6.0, Adobe).

APP knockout animals and immunofluorescence labelling
APP knockout animals were raised and genotyped as
described before (n = 4; 3 were 8 months old and 1 was
18 months old) and WT controls (n = 4; 3 were 8.5
months old and one was 7 months old) [36]. Brain sec-
tions (6 µm thick) were pre-incubated with 2N HCl for 30
m, washed 6×, blocked with 3% normal goat serum, and
incubated overnight in primary antibodies. The sections
were then washed 3×, and incubated in secondary anti-
bodies for 1 h before incubation in DAPI solution for 2 m.
Sections were washed and mounted in 90% glycerol.
Images were obtained at the same settings with a Nikon
Eclipse 600 fluorescence microscope and CoolSnap dig-
ital camera using MetaVue software (version 6.2r2, Molec-
ular Devices Corporation). The pixel density of the CA1
pyramidal cells in the cell body layer were sampled using
the MetaVue software. The mean value of pixel density
was calculated and compared by two-tailed t-Test assum-
ing unequal variance (Excel, Microsoft).

Results
APP downregulates β-catenin in primary neurons
To determine the effect of APP on β-catenin, full length
human APP695 was expressed in primary neurons using
HSV-1 vector-mediated gene transfer. An increase in APP
levels resulted in a significant decrease in total β-catenin
(Fig. 1). Quantification indicated that a tripling of APP (at
2 IU of virus) was associated with a reduction of β-catenin
to approximately half of that in the control (LacZ).

APP facilitates β-catenin degradation by increasing β-
catenin phosphorylation at S33/37/T41
Levels of β-catenin are tightly regulated by phosphoryla-
tion, ubiquitinylation, and proteasomal degradation.
Amino acids S33/37/T41 of β-catenin are co-ordinately
phosphorylated by GSK-3β before ubiquitinylation and
degradation. Casein kinase 1 additionally phosphorylates
Page 3 of 10
(page number not for citation purposes)



Journal of Neuroinflammation 2007, 4:29 http://www.jneuroinflammation.com/content/4/1/29
β-catenin at Ser45 (S45) [37]. To determine whether APP
affected these phosphorylation events, we used β-catenin
phosphorylation-specific antibodies to compare neurons

infected with APP or the control virus (LacZ). Statistical
analyses revealed that APP over-expression in primary
neurons significantly increased S33/37/T41 phosphoryla-
tion (p < 0.02) without significantly altering S45 phos-
phorylation. Representative blots along with quantitative
analyses are presented in Figure 2.

Downregulating endogenous APP significantly inhibits β-
catenin phosphorylation at S33/37/T41 but not at S45
To exclude the possibility that enhanced β-catenin degra-
dation was due to a gain-of-function artifact when APP is
over-expressed, we used siRNAs to suppress the expres-
sion of endogenous APP. An HSV-1 shRNA vector was
used to express siRNAs (APP1996) targeting rat APP in
primary neurons; no human APP was expressed in these
experiments. Protein levels were quantified by densitom-
etry, with tracing and normalization to the levels of γ-
tubulin on each blot. Statistical analyses by t-Test revealed
that suppressing the endogenous APP by this means
resulted in a significant increase in total β-catenin com-
pared to the control (missense shRNA) (Fig. 3). APP
downregulation also significantly reduced β-catenin
phosphorylation at S33/37/T41, but did not significantly
affect phosphorylation at S45. These results extend the
inverse relationship between APP and β-catenin levels.

APP-expression decreases β-catenin in membrane and 
cytosolic fractions without affecting nuclear β-catenin
The function of β-catenin differs depending on its cellular
location. We sought to determine if APP expression differ-
entially affects β-catenin levels in crude preparations of
membrane, cytosolic or nuclear fractions. Three forms of
APP were tested: wild-type, Swedish mutation (Swe), and
London mutation (V642I). In primary neurons, wild-type
APP and each of the FAD mutants dramatically reduced
total β-catenin compared to the control (LacZ) in both
membrane and cytosolic fractions (Fig. 4A). APP
decreased β-catenin levels to 48% of control in the mem-
brane and to 29% of control in the cytosol (average of two
independent experiments in primary neurons). These
results were corroborated by data from HEK293 cells
transfected with the same APP cDNAs expressed from
pcDNA3 constructs (data not shown).

In contrast to membrane and cytosolic β-catenin, nuclear
β-catenin did not appear to change upon expression of
wild-type or FAD APP (Fig. 4A). To obtain further support
for the fractionation experiments, we then tested the
nuclear function of β-catenin using luciferase reporter
assays. HEK293 cells were transfected with wild-type or
FAD APP, along with the TCF luciferase reporter plasmid
(pGL3-OT). None of the APP constructs consistently
decreased pGL3-OT luciferase reporter activity. Controls
included cotransfection of a mutant TCF luciferase
reporter (pGL3-OF) with APP, and cotransfection of

APP expression induced degradation of β-cateninFigure 1
APP expression induced degradation of β-catenin. A. 
Overexpression of APP reduces β-catenin levels. Human 
APP695 or the control LacZ was expressed in primary neu-
rons via HSV vectors at 1 or 2 IU per cell during 14 h of 
infection. The control HSV vector carries the β-galactosidase 
gene (LacZ). B. Quantitative densitometric analyses of west-
ern blots from 4 independent experiments. An average 44% 
reduction in normalized mean optical density (representing 
protein levels) was observed for 2 IU/cell of APP compared 
to the corresponding LacZ control (p < 0.05, t-Test). Shorter 
exposures were used for densitometry analyses; longer 
exposures also showed the expression of endogenous APP, 
but densitometric analyses were not possible due to the 
solidified chemiluminescence reaction products.
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pGL3-OT with pcDNA3 (data not shown). A positive con-
trol was prepared from cells transfected with a β-catenin
expression construct and the pGL3-OT plasmid. Together,
these data suggest that APP may not affect β-catenin tran-
scriptional activity.

To complement the above experiments, confocal micros-
copy was used to assess β-catenin levels and cellular loca-
tions in primary neurons. Primary neurons expressing
APP or LacZ (control) were fixed and labelled with the
rabbit anti-β-catenin antibody and the Alexa fluor 488
goat anti-rabbit antibody. Representative z-sections of the
same cells are presented in Fig. 4B. The z-sections show
abundant β-catenin present near or at the plasma mem-
brane. More β-catenin seemed to localize in the basal-lat-
eral than apical regions, and APP expression did not seem
to affect β-catenin localization compared to the LacZ con-
trol. The z-series (Fig. 4B) and the composite images (Fig.
4C) also revealed that β-catenin fluorescence intensity
decreased dramatically in APP-expressing neurons com-
pared to the LacZ control, further supporting the data
obtained by fractionation assays.

APP facilitates β-catenin degradation by increasing β-catenin phosphorylation at S33/37/T41 residuesFigure 2
APP facilitates β-catenin degradation by increasing β-
catenin phosphorylation at S33/37/T41 residues. A. 
Primary neurons infected with APP contained less steady-
state β-catenin and higher levels of phosphorylated S33/37/
T41 than did neurons infected with control LacZ (2 IU virus 
per cell). Levels of phosphorylated S45 did not appear to 
change. B. Quantitative analyses of western blots from 3 
independent experiments. APP significantly increased β-cat-
enin phosphorylation at S33/37/T41 residues (p = 0.02, t-
Test), but not at S45 residue (p = 0.19, t-Test).

Suppression of endogenous APP results in increased total β-catenin and decreased S33/37/T41-phosphorylated β-cateninFigure 3
Suppression of endogenous APP results in increased 
total β-catenin and decreased S33/37/T41-phosphor-
ylated β-catenin. Primary neurons were infected with APP-
shRNA (APP1996) or missense shRNA viruses (0.5 IU/cell) 
for 14 h before harvest and protein analyses. The mean opti-
cal densities of 3 independent experiments for each protein 
analyzed are presented in the Y-axis in the bar graphs. The 
statistical significance of difference is also presented in each 
bar graph (p values from t-Test) for each protein analyzed 
(labelled on the Y-axis). Representative blots are shown on 
the right. Loading controls were γ-tubulin reprobed from the 
same blots.
Page 5 of 10
(page number not for citation purposes)



Journal of Neuroinflammation 2007, 4:29 http://www.jneuroinflammation.com/content/4/1/29

Page 6 of 10
(page number not for citation purposes)

APP expression downregulates β-catenin levels in membrane and cytosolic fractions but not in the nuclear fractionFigure 4
APP expression downregulates β-catenin levels in membrane and cytosolic fractions but not in the nuclear 
fraction. A. β-Catenin levels from membrane and cytosolic fractions isolated from primary neurons. Wild type or FAD APPs 
were overexpressed in primary neurons via HSV-mediated gene transfer using LacZ as the control. 10 µg protein per sample 
was analyzed in each fraction. B. Selected z-series of single cells. Scale bar, 2 µm. C. Composite images from z-series. Scale bar, 
5 µm. In both B and C, primary neurons were infected with APP or the control LacZ viruses at 2 IU/cell for 14 h. Cells were 
then fixed and stained with rabbit anti-β-catenin and Alexa fluor 488 goat anti-rabbit. Images were collected at the same set-
tings for fluorescence intensity comparison.
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β-Catenin is significantly increased in CA1 pyramidal cells 
from APP knockout animals
The results presented above show that APP mediates β-cat-
enin degradation in primary neurons. We next sought to
determine if β-catenin levels are altered in CA1 pyramidal
cells from APP knockout animals. Fig. 5 shows that β-cat-
enin is significantly elevated in APP knockout pyramidal
cells compared to wild-type controls (Fig. 5A &5B). These
increases in β-catenin were associated with significant
increases in cyclin D1 expression (Fig. 5A &5C). These

data suggest that chronically increased β-catenin levels in
these neurons might result in cell cycle reactivation. These
data further support our findings in primary neurons sug-
gesting that APP mediates β-catenin homeostasis.

Discussion
In this report, we provide strong evidence that APP medi-
ates β-catenin downregulation. We demonstrate that APP
downregulates β-catenin levels in primary neurons by
facilitating specific phosphorylation of S33/37/T41 resi-

β-Catenin and cyclin D1 are significantly elevated in hippocampal CA1 pyramidal cells in APP knockout mice compared to those in WT controlsFigure 5
β-Catenin and cyclin D1 are significantly elevated in hippocampal CA1 pyramidal cells in APP knockout mice 
compared to those in WT controls. Brain sections from APP knockout and WT mice (n = 4 each) were co-labelled with 
rabbit anti-β-catenin and mouse anti-cyclin D1 together with Alexa Fluor 594 and Alexa Fluor 488 secondary antibodies. The 
sections were also counter-stained with DAPI to visualize the cell body layer. Images were captured at the same settings with 
a Nikon Eclipse 600 microscope. Representative images from an APP knockout and a WT animal are presented in A. The pixel 
density of specific staining was randomly sampled in the CA1 cell body layer and the mean values from each group of animals 
are shown in the bar graphs: B. β-catenin, two-tail t-Test, APP knockout vs AT, p = 0.001; C. cyclin D1, two-tail t-Test, APP 
knockout vs WT, p = 0.02.
Page 7 of 10
(page number not for citation purposes)



Journal of Neuroinflammation 2007, 4:29 http://www.jneuroinflammation.com/content/4/1/29
dues in β-catenin. APP expression is inversely correlated
with the levels of total β-catenin. Corroborating data were
obtained using APP siRNAs: suppression of APP by siR-
NAs increased steady-state β-catenin levels and reduced
the levels of S33/37/T41 phosphorylation in neurons. We
further show that β-catenin accumulates in hippocampal
pyramidal cells in APP knockout animals. Together, these
data establish that APP is physiologically important in
maintaining β-catenin homeostasis, which is likely critical
for neuronal survival and function by preventing aberrant
cell cycle reaction.

We show that familial AD mutants of APP induce similar
β-catenin degradation, suggesting that familial AD
mutants retain similar functions. Our method might not
be sensitive enough to detect the degree of differences in
β-catenin downregulation by these APP mutants upon
acute expression in cell cultures. Long-term effects of APP
mutants on β-catenin expression could be analyzed in
transgenic animals. In primary neurons, APP-induced β-
catenin downregulation did not appear to affect nuclear β-
catenin or its transcriptional activity. However, β-catenin
accumulation in CA1 pyramidal neurons from APP
knockout animals does appear to affect transcriptional
activity, judging from the increases found in cyclin D1
protein levels in these same neurons. These observations
illustrate the limitations of luciferase reporter assays in
primary neurons; they also suggest that basal levels of β-
catenin are necessary for neuronal function, but that these
do not necessarily affect β-catenin-mediated transcrip-
tion.

Several questions remain to be answered, such as whether
APP processing products, such as secreted APP, or Aβ,
mediate the effect of APP on β-catenin degradation. The
effect of APP on β-catenin phosphorylation could also
reflect the interaction between APP and APP-BP1. APP-
BP1 activates neddylation and increases ubiquitinylation
by the Cullin-based E3 ligase. Ubiquitinylation of β-cat-
enin may be facilitated by the interaction between APP
and APP-BP1, which is not unidirectional as indicated by
the studies in Drosophila [38]. We have recently shown
that one function of APP-BP1 is to downregulate Aβ1–42 in
primary neurons [32]. Aβ1–42 also appears to downregu-
late β-catenin (YC unpublished observations). However,
it remains to be determined whether APP and Aβ1–42 mod-
ulate β-catenin degradation through the same pathways.

The roles of APP and PS1 on β-catenin phosphorylation
may be independent of each other. We show that APP
facilitates β-catenin phosphorylation at S33/37/T41 resi-
dues. Others have shown that PS1 expression can enhance
phosphorylation of β-catenin at S45, which may prime
the phosphorylation of S33/37/T41 [39] and facilitate
membrane β-catenin delivery and degradation [17,18].

The ultimate effect of PS1 on β-catenin degradation
remains controversial. Some studies have shown destabi-
lization of β-catenin by wild-type PS1 but inactivity of the
FAD-mutant forms of PS1 [20,22]; others have shown the
opposite [27]. Serban et al. [24] argued that the ultimate
outcome rests on the inherent levels of E-cadherin. Our
new findings suggest that PS1 and APP may impinge on
different components in the β-catenin degradation path-
way, but the underlying mechanism needs to be further
investigated.

Our new findings not only support a critical role for APP
in maintaining neuronal differentiation but also support
a role for APP in synaptic dynamics due to the multifac-
eted functions of β-catenin [40,41]. Cell cycle events are
widely documented in post-mortem AD brain tissues
[42]. In several AD cases which we have examined, almost
all hippocampal neurons show signs of cell cycle entry as
indicated by the cytoplasmic translocation of Nedd8 [7].
This cell cycle deregulation and synaptic dysfunction may
well be related [43]. Our new findings suggest a dysfunc-
tion of APP in maintaining neuronal differentiation in AD
neurons. However, levels of APP itself must be regulated,
as high levels of APP could induce neuronal death [7,44];
our new evidence suggest that low levels of APP may be
equally detrimental to neurons due to β-catenin accumu-
lation. We observed a large amount of β-catenin in the
plasma membranes of primary neurons (Fig. 4), in accord
with findings reported in Drosophila [18]. Membrane β-
catenin is known to play a role in dendritic remodeling in
mature neurons [45]. Synaptic dynamics may involve
changes in the interaction of β-catenin with cytosolic or
membrane proteins such as with E-cadherin. These con-
siderations, taken together, implicate APP as a critical fac-
tor in neuronal function that warrants further
investigation.

Conclusion
In summary, this report documents a function of APP in
β-catenin downregulation in vivo and in vitro. These find-
ings open new avenues for research involving the role of
APP processing in β-catenin downregulation. Future stud-
ies may also determine whether excessive APP expression
contributes to AD pathogenesis involving abnormal β-cat-
enin phosphorylation and degradation in transgenic ani-
mals.

List of abbreviations
APP, amyloid precursor protein; 
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Page 8 of 10
(page number not for citation purposes)



Journal of Neuroinflammation 2007, 4:29 http://www.jneuroinflammation.com/content/4/1/29
siRNA, small interfering RNA; 

shRNA, small hairpin RNA.

Competing interests
The author(s) declare that they have no competing inter-
ests.

Authors' contributions
YC conceptualized and designed all the experiments and
prepared this manuscript. Both YC and AMB collected
data described in this manuscript.

Acknowledgements
We thank Dr. Hui Zheng for providing APP KO mouse brains, Dr. Bert 
Vogelstein and Kenneth W. Kinzler for providing pGL3-OT and pGL3-OF 
plasmids, and Dr. David Kimelman for the xenopus β-catenin expression 
vector. We thank Dr. Steven Barger for critical reading of the manuscript, 
Dr. W. Sue T. Griffin for helpful discussions, Sue Woodward for technical 
assistance, and Dr. Edgar Garcia-Rill for access to their confocal micro-
scope. Confocal microscopy was supported by the Center for Translational 
Neuroscience award RR020146a (E. Garcia-Rill).

References
1. Nelson WJ, Nusse R: Convergence of Wnt, beta-catenin, and

cadherin pathways.  Science 2004, 303(5663):1483-1487.
2. Kipreos ET, Lander LE, Wing JP, He WW, Hedgecock EM: cul-1 is

required for cell cycle exit in C. elegans and identifies a novel
gene family.  Cell 1996, 85(6):829-839.

3. Winston JT, Strack P, Beer-Romero P, Chu CY, Elledge SJ, Harper
JW: The SCFbeta-TRCP-ubiquitin ligase complex associates
specifically with phosphorylated destruction motifs in Ikap-
paBalpha and beta-catenin and stimulates IkappaBalpha
ubiquitination in vitro.  Genes Dev 1999, 13(3):270-283.

4. Latres E, Chiaur DS, Pagano M: The human F box protein beta-
Trcp associates with the Cul1/Skp1 complex and regulates
the stability of beta-catenin.  Oncogene 1999, 18(4):849-854.

5. Hart M, Concordet JP, Lassot I, Albert I, del los Santos R, Durand H,
Perret C, Rubinfeld B, Margottin F, Benarous R, Polakis P: The F-box
protein beta-TrCP associates with phosphorylated beta-cat-
enin and regulates its activity in the cell.  Curr Biol 1999,
9(4):207-210.

6. Fuchs SY, Chen A, Xiong Y, Pan ZQ, Ronai Z: HOS, a human
homolog of Slimb, forms an SCF complex with Skp1 and
Cullin1 and targets the phosphorylation-dependent degrada-
tion of IkappaB and beta-catenin.  Oncogene 1999,
18(12):2039-2046.

7. Chen Y, Liu W, McPhie DL, Hassinger L, Neve RL: APP-BP1 medi-
ates APP-induced apoptosis and DNA synthesis and is
increased in Alzheimer's disease brain.  J Cell Biol 2003,
163(1):27-33.

8. Chow N, Korenberg JR, Chen XN, Neve RL: APP-BP1, a novel
protein that binds to the carboxyl-terminal region of the
amyloid precursor protein.  J Biol Chem 1996,
271(19):11339-11346.

9. Chen YZ: APP induces neuronal apoptosis through APP-BP1-
mediated downregulation of beta-catenin.  Apoptosis 2004,
9(4):415-422.

10. Breen KC, Bruce M, Anderton BH: Beta amyloid precursor pro-
tein mediates neuronal cell-cell and cell-surface adhesion.  J
Neurosci Res 1991, 28(1):90-100.

11. Wheelock MJ, Knudsen KA: Cadherins and associated proteins.
In Vivo 1991, 5(5):505-513.

12. Bamji SX, Shimazu K, Kimes N, Huelsken J, Birchmeier W, Lu B, Rei-
chardt LF: Role of beta-catenin in synaptic vesicle localization
and presynaptic assembly.  Neuron 2003, 40(4):719-731.

13. Mattson MP, Gary DS, Chan SL, Duan W: Perturbed endoplasmic
reticulum function, synaptic apoptosis and the pathogenesis
of Alzheimer's disease.  Biochem Soc Symp 2001:151-162.

14. Moya KL, Benowitz LI, Schneider GE, Allinquant B: The amyloid
precursor protein is developmentally regulated and corre-
lated with synaptogenesis.  Dev Biol 1994, 161(2):597-603.

15. Ohta M, Kitamoto T, Iwaki T, Ohgami T, Fukui M, Tateishi J: Immu-
nohistochemical distribution of amyloid precursor protein
during normal rat development.  Brain Res Dev Brain Res 1993,
75(2):151-161.

16. Loffler J, Huber G: Beta-amyloid precursor protein isoforms in
various rat brain regions and during brain development.  J
Neurochem 1992, 59(4):1316-1324.

17. Georgakopoulos A, Marambaud P, Efthimiopoulos S, Shioi J, Cui W,
Li HC, Schutte M, Gordon R, Holstein GR, Martinelli G, Mehta P, Frie-
drich VL Jr., Robakis NK: Presenilin-1 forms complexes with the
cadherin/catenin cell-cell adhesion system and is recruited to
intercellular and synaptic contacts.  Mol Cell 1999, 4(6):893-902.

18. Noll E, Medina M, Hartley D, Zhou J, Perrimon N, Kosik KS: Prese-
nilin affects arm/beta-catenin localization and function in
Drosophila.  Dev Biol 2000, 227(2):450-464.

19. Murayama M, Tanaka S, Palacino J, Murayama O, Honda T, Sun X, Yas-
utake K, Nihonmatsu N, Wolozin B, Takashima A: Direct associa-
tion of presenilin-1 with beta-catenin.  FEBS Lett 1998, 433(1-
2):73-77.

20. Kang DE, Soriano S, Frosch MP, Collins T, Naruse S, Sisodia SS, Lei-
bowitz G, Levine F, Koo EH: Presenilin 1 facilitates the constitu-
tive turnover of beta-catenin: differential activity of
Alzheimer's disease-linked PS1 mutants in the beta-catenin-
signaling pathway.  J Neurosci 1999, 19(11):4229-4237.

21. Soriano S, Kang DE, Fu M, Pestell R, Chevallier N, Zheng H, Koo EH:
Presenilin 1 negatively regulates beta-catenin/T cell factor/
lymphoid enhancer factor-1 signaling independently of beta-
amyloid precursor protein and notch processing.  J Cell Biol
2001, 152(4):785-794.

22. Killick R, Pollard CC, Asuni AA, Mudher AK, Richardson JC, Rupniak
HT, Sheppard PW, Varndell IM, Brion JP, Levey AI, Levy OA, Vestling
M, Cowburn R, Lovestone S, Anderton BH: Presenilin 1 independ-
ently regulates beta-catenin stability and transcriptional
activity.  J Biol Chem 2001, 276(51):48554-48561.

23. Xia X, Qian S, Soriano S, Wu Y, Fletcher AM, Wang XJ, Koo EH, Wu
X, Zheng H: Loss of presenilin 1 is associated with enhanced
beta-catenin signaling and skin tumorigenesis.  Proc Natl Acad
Sci U S A 2001, 98(19):10863-10868.

24. Serban G, Kouchi Z, Baki L, Georgakopoulos A, Litterst CM, Shioi J,
Robakis NK: Cadherins mediate both the association between
PS1 and beta-catenin and the effects of PS1 on beta-catenin
stability.  J Biol Chem 2005, 280(43):36007-36012.

25. Weihl CC, Miller RJ, Roos RP: The role of beta-catenin stability
in mutant PS1-associated apoptosis.  Neuroreport 1999,
10(12):2527-2532.

26. Nishimura M, Yu G, Levesque G, Zhang DM, Ruel L, Chen F, Milman
P, Holmes E, Liang Y, Kawarai T, Jo E, Supala A, Rogaeva E, Xu DM,
Janus C, Levesque L, Bi Q, Duthie M, Rozmahel R, Mattila K, Lannfelt
L, Westaway D, Mount HT, Woodgett J, St George-Hyslop P, et al.:
Presenilin mutations associated with Alzheimer disease
cause defective intracellular trafficking of beta-catenin, a
component of the presenilin protein complex.  Nat Med 1999,
5(2):164-169.

27. Zhang Z, Hartmann H, Do VM, Abramowski D, Sturchler-Pierrat C,
Staufenbiel M, Sommer B, van de Wetering M, Clevers H, Saftig P, De
Strooper B, He X, Yankner BA: Destabilization of beta-catenin
by mutations in presenilin-1 potentiates neuronal apoptosis.
Nature 1998, 395(6703):698-702.

28. Ghanevati M, Miller CA: Phospho-beta-Catenin Accumulation
in Alzheimer's Disease and in Aggresomes Attributable to
Proteasome Dysfunction.  J Mol Neurosci 2005, 25(1):79-94.

29. Verdile G, Gnjec A, Miklossy J, Fonte J, Veurink G, Bates K, Kakulas
B, Mehta PD, Milward EA, Tan N, Lareu R, Lim D, Dharmarajan A,
Martins RN: Protein markers for Alzheimer disease in the
frontal cortex and cerebellum.  Neurology 2004,
63(8):1385-1392.

30. McPhie DL, Lee RK, Eckman CB, Olstein DH, Durham SP, Yager D,
Younkin SG, Wurtman RJ, Neve RL: Neuronal expression of beta-
amyloid precursor protein Alzheimer mutations causes
intracellular accumulation of a C-terminal fragment con-
taining both the amyloid beta and cytoplasmic domains.  J Biol
Chem 1997, 272(40):24743-24746.
Page 9 of 10
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15001769
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15001769
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8681378
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8681378
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8681378
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9990852
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9990852
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9990852
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10023660
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10023660
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10023660
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10074433
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10074433
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10074433
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10321728
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10321728
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10321728
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14557245
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14557245
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14557245
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8626687
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8626687
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8626687
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15192323
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15192323
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1645774
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1645774
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1768802
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14622577
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14622577
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11447832
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11447832
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11447832
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8314003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8314003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8314003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7505208
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7505208
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7505208
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1402883
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1402883
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10635315
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10635315
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10635315
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11071766
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11071766
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11071766
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9738936
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9738936
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10341227
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10341227
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10341227
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11266469
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11266469
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11266469
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11606587
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11606587
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11606587
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11517342
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11517342
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16126725
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16126725
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16126725
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10574364
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10574364
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9930863
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9930863
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9930863
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9790190
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9790190
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15781969
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15781969
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15781969
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15505153
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15505153
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9312066
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9312066
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9312066


Journal of Neuroinflammation 2007, 4:29 http://www.jneuroinflammation.com/content/4/1/29
Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours — you keep the copyright

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

BioMedcentral

31. Lim F, Hartley D, Starr P, Lang P, Song S, Yu L, Wang Y, Geller AI:
Generation of high-titer defective HSV-1 vectors using an IE
2 deletion mutant and quantitative study of expression in
cultured cortical cells.  Biotechniques 1996, 20(3):460-469.

32. Chen Y, Bodles AM, McPhie DL, Neve RL, Mrak RE, Griffin WS:
APP-BP1 inhibits Abeta42 levels by interacting with Preseni-
lin-1.  Mol Neurodegener 2007, 2:3.

33. Lee HJ, Jung KM, Huang YZ, Bennett LB, Lee JS, Mei L, Kim TW:
Presenilin-dependent gamma-secretase-like intramem-
brane cleavage of ErbB4.  J Biol Chem 2002, 277(8):6318-6323.

34. Morin PJ, Sparks AB, Korinek V, Barker N, Clevers H, Vogelstein B,
Kinzler KW: Activation of beta-catenin-Tcf signaling in colon
cancer by mutations in beta-catenin or APC.  Science 1997,
275(5307):1787-1790.

35. Hetman M, Cavanaugh JE, Kimelman D, Xia Z: Role of glycogen
synthase kinase-3beta in neuronal apoptosis induced by
trophic withdrawal.  J Neurosci 2000, 20(7):2567-2574.

36. Zheng H, Jiang M, Trumbauer ME, Sirinathsinghji DJ, Hopkins R, Smith
DW, Heavens RP, Dawson GR, Boyce S, Conner MW, Stevens KA,
Slunt HH, Sisoda SS, Chen HY, Van der Ploeg LH: beta-Amyloid
precursor protein-deficient mice show reactive gliosis and
decreased locomotor activity.  Cell 1995, 81(4):525-531.

37. Polakis P: Casein kinase 1: a Wnt'er of disconnect.  Curr Biol
2002, 12(14):R499-R501.

38. Kim HJ, Kim SH, Shim SO, Park E, Kim C, Kim K, Tanouye MA, Yim
J: Drosophila homolog of APP-BP1 (dAPP-BP1) interacts
antagonistically with APPL during Drosophila development.
Cell Death Differ 2007, 14(1):103-115.

39. Kang DE, Soriano S, Xia X, Eberhart CG, De Strooper B, Zheng H,
Koo EH: Presenilin couples the paired phosphorylation of
beta-catenin independent of axin: implications for beta-cat-
enin activation in tumorigenesis.  Cell 2002, 110(6):751-762.

40. Wang P, Yang G, Mosier DR, Chang P, Zaidi T, Gong YD, Zhao NM,
Dominguez B, Lee KF, Gan WB, Zheng H: Defective neuromuscu-
lar synapses in mice lacking amyloid precursor protein
(APP) and APP-Like protein 2.  J Neurosci 2005,
25(5):1219-1225.

41. Torroja L, Packard M, Gorczyca M, White K, Budnik V: The Dro-
sophila beta-amyloid precursor protein homolog promotes
synapse differentiation at the neuromuscular junction.  J Neu-
rosci 1999, 19(18):7793-7803.

42. Herrup K, Neve R, Ackerman SL, Copani A: Divide and die: cell
cycle events as triggers of nerve cell death.  J Neurosci 2004,
24(42):9232-9239.

43. Arendt T, Bruckner MK: Linking cell-cycle dysfunction in Alzhe-
imer's disease to a failure of synaptic plasticity.  Biochim Biophys
Acta 2006.

44. McPhie DL, Coopersmith R, Hines-Peralta A, Chen Y, Ivins KJ, Manly
SP, Kozlowski MR, Neve KA, Neve RL: DNA synthesis and neuro-
nal apoptosis caused by familial Alzheimer disease mutants
of the amyloid precursor protein are mediated by the p21
activated kinase PAK3.  J Neurosci 2003, 23(17):6914-6927.

45. Yu X, Malenka RC: Beta-catenin is critical for dendritic mor-
phogenesis.  Nat Neurosci 2003, 6(11):1169-1177.
Page 10 of 10
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8679207
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8679207
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8679207
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17286867
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17286867
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17286867
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11741961
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11741961
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11741961
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9065402
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9065402
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10729337
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10729337
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10729337
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7758106
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7758106
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7758106
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12176352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16628230
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16628230
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12297048
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12297048
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12297048
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15689559
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15689559
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15689559
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10479682
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10479682
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10479682
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15496657
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15496657
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17236750
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17236750
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12890786
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12890786
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12890786
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14528308
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14528308
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Methods
	Primary neurons
	HSV expression vectors and viral titers
	Short hairpin RNA (shRNA)
	Neuron infection, western blots, and antibodies
	Cell membrane, cytosolic and nuclear fractions
	Dual luciferase assays
	Immunofluorescence microscopy
	APP knockout animals and immunofluorescence labelling

	Results
	APP downregulates b-catenin in primary neurons
	APP facilitates b-catenin degradation by increasing b- catenin phosphorylation at S33/37/T41
	Downregulating endogenous APP significantly inhibits b- catenin phosphorylation at S33/37/T41 but not at S45
	APP-expression decreases b-catenin in membrane and cytosolic fractions without affecting nuclear b-catenin
	b-Catenin is significantly increased in CA1 pyramidal cells from APP knockout animals

	Discussion
	Conclusion
	List of abbreviations
	Competing interests
	Authors' contributions
	Acknowledgements
	References

