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Deletion of Presenilin 1 Hydrophilic Loop Sequence Leads
to Impaired �-Secretase Activity and Exacerbated
Amyloid Pathology
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�-Secretase processing of the amyloid precursor protein (APP) generates A�40 and A�42 , peptides that constitute the principal compo-
nents of the �-amyloid plaque pathology of Alzheimer’s disease (AD). The �-secretase activity is executed by a high-molecular-weight
complex of which presenilin 1 (PS1) is an essential component. PS1 is a multi-pass membrane protein, and the large hydrophilic loop
domain between transmembrane domains 6 and 7 has been shown to interact with various proteins. To determine the physiological
function of the loop domain, we created a strain of PS1 knock-in mice in which the exon 10, which encodes most of the hydrophilic loop
sequence, was deleted from the endogenous PS1 gene. We report here that the homozygous exon 10-deleted mice are viable but exhibit
drastically reduced �-secretase cleavage at the A�40 , but not the A�42 , site. Surprisingly, this reduction of A�40 is associated with
exacerbated plaque pathology when expressed on APP transgenic background. Thus, the PS1 loop plays a regulatory role in �-secretase
processing, and decreased A�40 , not increased A�42 is likely the cause for the accelerated plaque deposition in these animals. Our finding
supports a protective role of A�40 against amyloid pathology and raises the possibility that impaired �-secretase activity could be the
basis for AD pathogenesis in general.
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Introduction
Mammalian presenilins (PS) consist of two homologous pro-
teins, PS1 and PS2. They are indispensable for processing the
amyloid precursor protein (APP) at the �-secretase site to gener-
ate A�40 and A�42, which proceed to deposit as the main compo-
nents of the �-amyloid plaques characteristic of Alzheimer’s dis-
ease (AD) (for review, see Annaert and De Strooper, 2002).
Through similar mechanisms defined as regulated intramem-
brane proteolysis (Brown et al., 2000), presenilins are required for
processing and signaling of Notch (De Strooper et al., 1999) and
have been implicated in the processing of a growing list of type I
membrane proteins (for review, see Kopan and Ilagan, 2004).

The PS-dependent �-secretase activity requires the formation
of a high-molecular-weight complex containing nicastrin, Aph1,
and Pen2 (for review, see Iwatsubo, 2004). The active complex is
assembled in a sequential and interdependent manner through

the endoplasmic reticulum and Golgi compartments. Nicastrin
was shown to function as the receptor for the �-secretase sub-
strates (Shah et al., 2005), and Pen2 facilitates the endoproteo-
lytic cleavage of full-length PS to its N-terminal fragment (NTF)
and C-terminal fragment (CTF) (Iwatsubo, 2004). Based on the
high-molecular-weight nature of the �-secretase complex,
Schroeter et al. (2003) presented data to support the presence of
presenilin homodimers at the core of the �-secretase complex,
and follow-up studies showed that the transmembrane domains
are essential for dimer formation (Cervantes et al., 2004). Wolfe
et al. (1999) reported that presenilins are a novel class of di-
aspartyl protease in which the conserved aspartate at residues 257
and 385 within transmembrane (TM) domains 6 and 7, respec-
tively, are the active sites (Wolfe et al., 1999). This notion is
corroborated by data demonstrating that PS1 can be directly la-
beled by transition-state �-secretase inhibitors (Esler et al., 2000;
Li et al., 2000b). Consistent with these findings, using our PS1
“rescue” system, we reported that PS1 containing the D257A
mutation results in the loss of �-secretase activity in vivo (Xia et
al., 2002).

PS1 is a multi-pass membrane protein with a large hydrophilic
loop domain, through which it binds to multiple proteins, in-
cluding �-catenin and N- and E-cadherins (Georgakopoulos et
al., 1999; Kang et al., 1999). The association of PS1 with the
cadherin/catenin complex and its redistribution to the site of
cell– cell contacts support a role of PS1 in cadherin/catenin-
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mediated cell adhesion and synaptic function (Georgakopoulos
et al., 1999; Baki et al., 2001). A potential link between PS1–
cadherin interaction and �-secretase activity was presented by the
same group showing that the cadherins also undergo PS-
dependent processing and by this means regulate the cadherin/
catenin complex assembly and intracellular signaling (Maram-
baud et al., 2002, 2003). Therefore, although the hydrophilic loop
domain is known to be dispensable for PS1 �-secretase activity
(Saura et al., 2000; Xia et al., 2002), it may play a modulatory role
for this cleavage event.

The interaction of PS1 with �-catenin has been proposed to
negatively regulate �-catenin stability and its downstream signal-
ing pathway (Kang et al., 1999; Soriano et al., 2001; Kang et al.,
2002). We have shown that loss of PS1 leads to skin tumorigen-
esis, and this phenotype is associated with upregulation of the
signaling pool of �-catenin (Soriano et al., 2001; Xia et al., 2001;
Kang et al., 2002), indicating that the deregulation of the
�-catenin pathway could be the cause for the tumorigenic phe-
notype. However, skin tumor formation is also a prominent fea-
ture in mice with conditional deletion of Notch 1 in epidermis,
and, interestingly, the �-catenin pathway is upregulated as well
(Nicolas et al., 2003). Therefore, regulation of �-catenin by PS1
could be attributed directly to their physical interactions through
the PS1 hydrophilic loop domain or indirectly through Notch.
The degree of contribution of these two pathways in vivo remains
to be established.

To genetically uncouple the pathways of PS1 on �-catenin
interaction and Notch regulation, we created a strain of PS1
knock-in mice containing a deletion of exon 10 encoding most of
the hydrophilic loop sequence necessary for �-catenin binding.
Characterization of these animals revealed novel insights into the
physiological function of PS1 on �-catenin regulation, PS1 sec-
ondary structure, and the unexpected role of the loop domain on
�-secretase activity and amyloid pathogenesis.

Materials and Methods
Antibodies and animals. The following antibodies were used in this study:
PS1N and PS1C polyclonal antibodies were raised against PS1
N-terminal peptide (1–15 amino acids) and C-terminal peptide (455–
467 amino acids), respectively, and APPC was raised against the last 15
amino acids of the human APP sequence. Mouse anti-PS1 loop mono-
clonal antibody was purchased from Chemicon (Temecula, CA). Anti-
nicastrin antibody was raised against 688 –708 amino acids of the protein
and was available from Affinity BioReagents (Golden, CO). Anti-Aph1�
and anti-Pen2 antibodies were from Zymed (San Francisco, CA), anti-
�-catenin, anti-N-cadherin, and anti-glycogen synthase kinase 3�
(GSK3�) were purchased from BD Transduction Laboratories (Lexing-
ton, KY), anti- cyclin-dependent kinase 5 (Cdk5) (C-8) was from Santa
Cruz Biotechnology (Santa Cruz, CA), and 6E10 monoclonal antibody
was obtained from Signet Laboratories (Dedham, MA).

The generation of mice with deletion of exon 10 of the mouse PS1 gene
(PS1 �E10) is described in supplemental Methods and Figure S1 (avail-
able at www.jneurosci.org as supplemental material). All animal experi-
ments were performed in accordance with the Baylor College of Medi-
cine Institutional Animal Care and Use Committee and with national
regulations and policies.

Brain lysate preparation and Western blotting. Half of an adult mouse
forebrain was homogenized using Polytron PT1200C (Kinematica, Basel,
Switzerland) in 2 ml of ice-cold lysis buffer [50 mM Tris, pH 7.5, 150 mM

NaCl, 1 mM EDTA, 1 mM EGTA, 5 mM NaF, 10% glycerol, 1 mM DTT, 0.2
�M Microcystin-LR, 1 mM Na3VO4, and complete protease inhibitor
(Roche Products, Welwyn Garden City, UK)] with 1% detergent
[CHAPSO (3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-1-
propanesulfonate), digitonin, or SDS] as indicated. The homogenate was
then subjected to sonication using Branson (Danburg, CT) Sonifier 450

set at output 3 for 30 s. The homogenate was kept on ice for another 15
min and then subjected to ultracentrifugation at 100,000 � g for 1 h with
a Beckman Instruments (Fullerton, CA) SW60 rotor at 4°C. The super-
natant was collected from the brain lysate, and protein concentration was
determined by DC protein assay (Bio-Rad, Hercules, CA). For western
blotting analysis of PS1, the samples were heated at 65°C for 10 min; for
other protein analysis, the samples were boiled at 95°C for 5 min. Brain
lysates (30 –50 �g of proteins, depending on target protein analyzed)
were loaded onto 10 –15% SDS-PAGE gel. A total of 12% Tris-tricine gels
were used for �E10-CTF and APP-CTF detection, and other proteins
were analyzed by Tris-glycine gels. After electrophoresis, the proteins
were transferred onto nitrocellulose membrane (Bio-Rad). The mem-
brane was blocked in PBS with 0.1% Tween 20 and 5% nonfat milk at
room temperature for 1 h. The membrane was incubated with the indi-
cated primary antibodies for 2 h at room temperature or overnight at
4°C. After extensive washing, the membrane was incubated with horse-
radish peroxidase-conjugated secondary antibody for 2 h. After addi-
tional washing with TBST buffer (TBS and Tween 20), the blot was
visualized by enhanced chemiluminescence according to the instructions
of the manufacturer (Amersham Biosciences, Arlington Heights, IL).

Immunoprecipitation. Brain lysates (0.5–2 mg) lysed in 1% digitonin
or 1% CHAPSO lysis buffer were incubated with antibodies with gentle
rocking at 4°C overnight. Protein A agarose beads (20 �l of 50% slurry;
Invitrogen, Carlsbad, CA) were preequilibrated with ice-cold lysis buffer,
applied to the protein–antibody mixture, and incubated for another 1–2
h at 4°C. The beads were then centrifuged down and washed extensively
with lysis buffer, 5 min for three to five times. A total of 50 �l of 1� SDS
loading dye were added into the immunoprecipitates, which were sub-
jected to Western blot analysis.

For immunoprecipitation (IP) using PS1N polyclonal antibody, the
anti-PS1N antibody or control rabbit IgG was first cross-linked to pro-
tein A agarose beads by disuccinimidyl suberate (Pierce, Rockford, IL)
according to the instructions of the manufacturer. Briefly, PS1N or rabbit
IgG antibodies (40 �l) were diluted with the antibody binding/washing
buffer (50 mM sodium borate, pH 8.2) and incubated with 600 �l of 50%
protein A agarose beads for 1 h at room temperature. After extensive
washing with the antibody binding/washing buffer, the beads were incu-
bated with 5 mg of disuccinimidyl suberate dissolved in 0.5 ml of DMSO
for 1 h and then diluted with 0.75 ml of cross-linking buffer (0.15 M NaCl
and 0.1 M Na2PO4, pH 7.2). After incubation, the beads were washed
extensively with the antibody binding/washing buffer, and 2 ml of block-
ing buffer (0.1 M ethanolamine, pH 8.2) was applied to the washed beads
and mixed for 15 min. The beads were washed with 5 ml of elution buffer
(0.1 M glycine-HCl, pH 2.8) to remove the uncross-linked antibodies and
were further washed with the binding/washing buffer. Finally, protein A
beads cross-linked with PS1N antibody were equilibrated with lysis
buffer for immunoprecipitation.

Gel filtration chromatography. Two milligrams of brain lysates (150 �l)
in 1% digitonin lysis buffer from the wild-type (WT) and PS1 �E10 mice
were applied to Bio-Sil SEC250 –5 HPLC column (Bio-Rad). The column
was eluted with 20 ml of elution buffer (20 mM Tris-HCl, pH 7.4, and 150
mM NaCl) at a flow rate 0.3 ml/min. The elution was collected at 0.3
ml/fraction. A total of 40 �l of each fraction eluted were analyzed by
Western blotting using PS1N, PS1C, nicastrin, �-catenin, GSK3�, and
Cdk5 antibodies. The molecular weight (in kilodaltons) of gel filtration
fractions was determined by fractioning of blue dextran (Vo) and the gel
filtration standard (Bio-Rad) under the same conditions.

�-Secretase activity and photo-labeling assays. �-Secretase activity was
assayed using a peptide substrate (Li et al., 2000a,b). Mouse brain mem-
brane proteins were solubilized with 1% CHAPSO. Mouse brain mem-
brane or solubilized �-secretase was incubated with the substrate, and
�-secretase-mediated 40 and 42 site cleavages were detected by ECL using
the ruthenylated G2-10 and G2-11 antibodies, respectively. The nonspe-
cific cleavage is defined as signal in the presence of 1 �M �-secretase
inhibitor, tert-butyl (2S,3R,5R)-6-((S)-1-((S)-1-amino-1-oxo-3-phenyl-
propan2-ylamino)-4-methyl-1-oxopentan-2-ylamino)-5-benzyl-3-hy-
droxy-6-oxo-1-phenylhexan-2-ylcarbamate (L-685,458). Specific
�-secretase activity was obtained by subtracting nonspecific from total
ECL signals. Photo-affinity labeling experiment was performed by incu-
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bating equivalent amounts of membrane protein from wild-type and PS1
�E10 mouse brains with 2 nM tert-butyl (14S,17S,20R,22R,23S)-14-(4-
benzoylbenzyl)-20-benzyl-22-hydroxy-17-isobutyl-5,13,16,19-tetra-
oxo-1-(2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-24-phenyl-
6,12,15,18-tetraazatetracosan-23-ylcarbamate (L-852,505), a photo-
labeled transition-state �-secretase inhibitor, in either the presence or
absence of 2 �M nonlabeled L-685,458. The labeled samples were solubi-
lized and isolated with immobilized streptavidin and analyzed using the
anti-PS1-CTF antibody PS1C.

Sandwich ELISA. Sandwich ELISAs for quantifying human A�40 and
A�42 were performed as described using 6E10 as the capture antibody
and G2-10 and G2-11 as detection antibodies, which recognize A�40 and
A�42 specifically (Yan et al., 1999; Xia et al., 2002). Briefly, 4� TBS buffer
(v/w) was used to homogenize brain samples, which were centrifuged at
8000 � g for 1 h. The supernatants were used for soluble A� measure-
ment. The pellets were resuspended in 5 M guanidine (2�) and sonicated.
Homogenate (20 �l) was diluted with 10� loading buffer. After centrif-
ugation at 8000 � g for 30 min, the samples were loaded into wells for A�
peptides detection. A total of 100 �l of 6E10 (4 �g/ml) diluted in
carbonate-bicarbonate buffer, pH 9.6, was added to coated microtiter
plates and incubated at 4°C overnight. After washing plates with PBS
containing 0.05% Tween-20 (PBST), plates were blocked for 1 h with 200
�l of PBST with 1% BSA. After washing the plate, 100 �l of standards
(A�1– 40 and A�1– 42; Bachem, Torrance, CA) was applied and incubated
for 2 h at room temperature or 4°C overnight. After washing, plates were
incubated with biotinylated G2-10 or G2-11 diluted 1:1000 and 1:500,
respectively, in PBST at room temperature for 1 h 30 min. After washing,
neutravidin-horseradish peroxidase (Pierce) diluted 1:5000 in PBST was
added and incubated 1 h at room temperature. After washing the plate
three times, 100 �l/ml tetramethylbenzidine solution was added and
incubated at 15–30 min at room temperature. The color development
was stopped by adding 100 �l/well stop solution (1 M phosphoric acid).
The optical density was measured at 490 nm by a microELISA reader. The
concentrations of A�40 and A�42 were calculated from the linear range of
the standard curve for each plate, respectively. Five forebrain samples per
genotype were analyzed each in triplets.

Immunohistochemistry and amyloid load quantification. Mice were
cardiac-perfused with PBS containing heparin and fixed with 4% para-
formaldehyde at 4°C overnight. After dehydration and paraffin embed-
ding, the brains were cut into 6 �m sections. The sections were deparaf-
finized in xylene and then rinsed with 100, 95, and 70% ethanol and
water. Nonspecific epitopes were blocked for 1 h with 0.3 ml of goat
serum in PBS. Primary antibody 6E10 was diluted 1:1000 in PBS contain-
ing 1% BSA and incubated overnight at 4°C in a humidified chamber.
Sections were then washed three times for 5 min each in PBS and incu-
bated with biotinylated anti-mouse secondary antibody, followed by in-
cubation with biotinylated peroxidase-coupled avidin (Vectastain ABC
kit; Vector Laboratories, Burlingame, CA). Pictures were taken with a
Zeiss (Oberkochen, Germany) Axioskop 2 Plus microscope equipped
with the Axiocam MRC digital camera, and the images were processed
with the Axiovision 3.1 software. For thioflavine S staining, the paraffin-
embedded slices were incubated in 0.5% thioflavine S in PBS for 10 min
in the dark. Fluorescent signals were visualized after decolorizing with
95% ethanol. For plaque quantification, four to six nonoverlapping and
comparable coronal sections of midbrain area were selected from
matched APP and APP/�E10 mice (n � 3 per genotype per age). Visible
plaques larger or equal to 5 �m were counted manually under an Olym-
pus Optical (Thornwood, NY) microscope (CX 31). The number of
plaques in the left and right hemi-brains was counted separately two
times each, and the average number was calculated. The total number of
plaques for each genotype is expressed as the mean of all sections in the
same age group of mice � SD.

Results
PS1 with deletion of exon 10 undergoes normal
endoproteolytic processing and �-secretase
complex assembly
The mouse PS1 gene contains 12 exons with 3–12 as coding exons
(GenBank accession number AF007560). It encodes a protein of

467 amino acids with eight putative TM domains (diagramed in
Fig. 1A). Exon 10 of mouse PS1 encodes amino acids 320 –377
downstream of the PS1 endoproteolytic cleavage site (Fig. 1A,
arrow, position 292–293) and covers most of the hydrophilic
loop sequences between TM 6 and 7 essential for PS1/�-catenin
association (Kang et al., 1999; Soriano et al., 2001). Deletion of
exon 10 generates an in-frame downstream fusion protein and is
expected to preserve the remaining membrane structures.

To create an exon 10 deletion of the endogenous mouse PS1,
we inserted a neomycin-resistance gene (neo) containing the
loxP sequence at the 5� end of intron 9 and another loxP sequence
in intron 10 (Fig. 1B) (supplemental Fig. S1, available at www.
jneurosci.org as supplemental material). Gene targeting followed
by Cre-recombinase (Cre)-mediated recombination in embry-
onic stem cells resulted in the deletion of exon 10 of the PS1 gene
(PS1 �E10) (supplemental Fig. S1, available at www.jneurosci.
org as supplemental material). Heterozygous exon 10-deleted
mice (PS1 �E10/�) were intercrossed to yield mice that were
WT, heterozygous, or homozygous (PS1 �E10/�E10) for exon 10
deletion; the latter are herein referred to as PS1 �E10 or �E10.

Because exon 10 is downstream of the PS1 endoproteolysis
site, deletion of exon 10 is not expected to disrupt this cleavage
event. Indeed, Western blot analysis of brain tissues from PS1
�E10 animals documented normal endoproteolytic processing,
producing a normal NTF (PS1-NTF) and a truncated CTF of 10
kDa attributable to exon 10 deletion (�E10-CTF) (Fig. 1C). Both
wild-type and truncated CTFs could be detected in PS1 �E10/�
heterozygous mice, and they apparently were expressed in equal
amounts (Fig. 1C). The expression and maturation of nicastrin
was not affected (Fig. 1C). Gel filtration fractionation of brain
lysates showed that, similar to WT, the processed PS1 fragments
eluted and cofractionated with nicastrin and Pen2 in high-
molecular-weight fractions (Fig. 2A). The majority of �-catenin
coeluted with the PS1 complex, whereas GSK3� and CDK5 pre-
dominately resided in low-molecular-weight fractions (Fig. 2A).
No significant changes could be detected between wild-type and
PS1 �E10 samples. Photo-affinity labeling using the transition-
state �-secretase inhibitor L-852,505, which only binds to active
�-secretase (Li et al., 2000b), labeled both wild-type and �E10
CTF, and this binding could be titrated away by a 100-fold excess
of nonlabeled inhibitor L-685,458 (Fig. 2B). These results reveal
normal PS1 processing and high-molecular-weight and active
�-secretase complex assembly in the absence of the PS1 hydro-
philic loop sequence within our assay detection limits.

Disruption of �-catenin interaction but no spontaneous skin
tumor development in PS1 �E10 mice
IP followed by Western blot analysis showed that, in the wild-
type control, PS1N antibody could pull down both endogenous
N-cadherin and �-catenin (Fig. 3), confirming the interaction of
PS1 with the two proteins. However, the same PS1N antibody
failed to immunoprecipitate N-cadherin or �-catenin in PS1
�E10 samples (Fig. 3). These data demonstrate that �-catenin
and N-cadherin interact with PS1 through the hydrophilic loop
domain in vivo and that this interaction is disrupted in the PS1
�E10 mutant. Consistent with the predominant plasma mem-
brane localization of �-catenin and N-cadherin, the amount of
both proteins that associate with PS1 was low compared with the
total lysate (Fig. 3, compare Lysate with IP). Similar to the wild-
type control, in the PS1 �E10 mutant, the PS1N antibody pulled
down �E10-CTF as well as all known essential components of the
�-secretase complex, including nicastrin, Aph1, and Pen2 (Fig.
3). This result is consistent with our gel filtration and photo-
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labeling data (Fig. 2) and provides further demonstration for the
normal assembly of the �-secretase complex in PS1 �E10
mutants.

The PS1 �E10 mice were viable, fertile, and overtly healthy for
up to 2 years of age. Immunofluorescence staining using presyn-
aptic and postsynaptic markers did not identify abnormalities in
PS1 �E10 brains, nor could we detect differences in the expres-
sion or cellular localization of �-catenin or N-cadherin in the
mutant (data not shown). In contrast to our PS1 rescue mice (Xia
et al., 2001), no epidermal hyperplasia or skin tumor phenotypes
could be identified in these animals. Western blot analysis failed
to reveal significant alterations of soluble �-catenin or cyclin D1
in the skin (data not shown). These findings do not support a
major contribution of PS1/�-catenin or PS1/cadherin interac-
tions in regulating �-catenin or cadherin homeostasis but rather
suggest that indirect regulation of �-catenin by PS1 downstream
of Notch may be the predominant pathway in vivo (Nicolas et al.,
2003).

Evidence for the lack of PS1 homodimers in
�-secretase complex
It has been reported that presenilins form homodimers at the
core of the �-secretase complex and that the transmembrane do-

Figure 1. Generation and biochemical characterization of PS1 �E10 mice. A, Diagram show-
ing PS1 secondary structure, PS1 endoproteolytic cleavage site (arrow), exon 9 (E9)/E10 and
E10/E11 boundaries, and region of PS1/�-catenin and PS1/cadherin interaction. Numbers in
parentheses mark the number of amino acids in the PS1 protein. The solid oval represents the
hydrophobic domain in which PS1 endoproteolytic processing takes place, which produces an
NTF and a CTF. B, Scheme for creating the PS1 �E10 allele. Homologous recombination be-
tween the targeting vector and wild-type PS1 introduces the neo gene and two loxP sites
flanking the neo and exon 10 of PS1 (targeted allele). Cre-mediated recombination subse-
quently deletes the neo and exon 10 sequences, leaving a 34 bp loxP site in the intron (PS1�E10
allele). For detailed description and characterization, please refer to supplemental Methods and
Figure S1 (available at www.jneurosci.org as supplemental material). C, Expression profiles of
PS1 in wild-type and PS1 �E10 heterozygous (�E10/�) and homozygous (�E10/�E10) mice.
Western blotting using the anti-PS1N antibody detected normally processed PS1-NTF in all
three genotypes. Whereas the anti-PS1C antibody recognized a product at 18 kDa (PS1-CTF), a
truncated fragment at 10 kDa (�E10-CTF), representing the exon 10-deleted product, was
detected in heterozygous (�E10/�) and homozygous (�E10/�E10) samples, respectively.
Nicastrin and �-tubulin were also analyzed, which documented normal expression of nicastrin
and equal loading.

Figure 2. Biochemical characterization of PS1 �E10 mutants. Gel filtration chromatography
fractionation of WT and PS1 �E10 mouse brain samples. Forebrain tissues dissected from the
two strains of the animals were lysed in 1% digitonin lysis buffer. Two milligrams of brain
lysates from the WT and �E10 mice were subjected to Bio-Sil SEC250 –5 HPLC column (Bio-
Rad) fractionation, respectively. A total of 40 �l of each eluted fraction were analyzed by
Western blotting using the anti-PS1N, PS1C, nicastrin, Pen2, �-catenin, GSK3�, and Cdk5
antibodies. The molecular weight (in kilodaltons) of gel filtration fractions was determined by
fractionation of blue dextran (Vo) and the gel filtration standards under the same conditions. B,
Photo-affinity labeling of WT and �E10 brains with an active, site-directed �-secretase inhib-
itor. Equivalent amount of membrane proteins from both brain lysates were photo-labeled with
L-852,505, a transition-state �-secretase inhibitor. The labeled samples were solubilized, iso-
lated with immobilized streptavidin, and Western blotted with the anti-PS1-CTF antibody. �,
Absence of nonlabeled inhibitor L-685,458; �, presence of 100-fold excess of L-685,458.
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mains are essential for dimer formation (Schroeter et al., 2003;
Cervantes et al., 2004). Mice heterozygous for the PS1 �E10 allele
(PS1 �E10/�) provide a unique system to investigate this further
because the wild-type PS1-CTF and �E10-CTF are expressed at
an equal molar ratio and these two fragments can be distin-
guished on Western blots. We reasoned that, if a dimer complex
model is true, the wild-type PS1-CTF should coimmunoprecipi-
tate with �E10-CTF either via direct interaction or indirectly
through other proteins in the complex, for example, PS1-NTF.
Immunoprecipitation with PS1N antibody pulled down both
wild-type PS1-CTF and �E10-CTF at similar efficiencies (Fig.
4A), indicating that there was no differential interaction of PS1-
NTF with the two CTFs. We next performed IP using a monoclo-
nal PS1 loop antibody that only recognizes the wild-type PS1-
CTF because the epitope is lost in �E10-CTF. Western blot
analysis showed that the loop antibody immunoprecipitated
PS1-NTF, PS1-CTF, and nicastrin in a dose-dependent manner.
However, there was no �E10-CTF in the complex (Fig. 4B).
These results thus argue against the existence of PS1 homodimers
in the �-secretase complex.

The PS1 hydrophilic loop modulates �-secretase activity
Although the hydrophilic loop sequence of PS1 has been shown
to be dispensable for �-secretase activity (Saura et al., 2000; Xia et
al., 2002), the assays used do not quantitatively address whether

this domain plays a regulatory role. We therefore examined the
effect of exon 10 deletion on �-secretase activity and A� produc-
tion using both an in vitro cleavage assay and a cell-based sand-
wich ELISA (Li et al., 2000a,b; Tarassishin et al., 2004). To accu-
rately determine the effect of the PS1 loop sequence on
�-secretase activity, various amounts of membrane proteins from
the wild-type and PS1 �E10 mouse brains were incubated with
the substrate, and the rate of �-secretase-dependent A�40 and
A�42 production was measured (Fig. 5A). Compared with the
WT samples, the production of A�40 was significantly reduced,
whereas the A�42 activity was only marginally decreased in PS1
�E10 mouse brains (Fig. 5A). This differential impact on A�40

and A�42 production led to a 1.7-fold increase in the ratio of
A�42/A�40 in the exon 10 deletion mutant (wild-type, 0.25; PS1
�E10, 0.43). Similar effects on A�40 and A�42 production were
also observed using cell membranes as a source of �-secretase
(data not shown). To further substantiate this finding, we crossed
the PS1 �E10 homozygous mice with the Tg2576 strain of APP
transgenic mice (Hsiao et al., 1996) to obtain animals expressing
APP on either wild-type PS1 (APP) or PS1 �E10 homozygous
background (APP/�E10) and measured human A�40 and A�42

levels using a cell-based sandwich ELISA assay at 2 months of age
(Xia et al., 2002). The data again documented a differential re-
duction in A�40 without significantly changing A�42 in both sol-
uble and insoluble fractions of APP/�E10 brains (Fig. 5B). The
smaller degree of reduction of A�40 measured by sandwich ELISA
compared with the in vitro enzymatic assay could be caused by
differences of the detection systems or by the ectopic overexpres-
sion of APP in APP/�E10 animals. Overall, results from both
assays demonstrate substantial reduction of A�40, but not A�42,
production and significant increase in the ratio of A�42/A�40 as a
result of PS1 exon 10 deletion.

Extracellular processing of APP by �- or �-secretases gener-
ates APP-CTFs, which serve as substrates for �-secretase cleavage.
Therefore, although A�40 and A�42 are measurements of specific
�-secretase products, levels of APP-CTF, which result from in-

Figure 3. Exon 10 deletion abolishes PS1 association with �-catenin and N-cadherin. Brain
extracts of WT or PS1 �E10 mice in 1% digitonin were immunoprecipitated by disuccinimidyl
suberate cross-linked PS1N antibodies or control rabbit IgG (rIgG), respectively, and the result-
ing immunoprecipitates were probed on Western blots with indicated antibodies. In both WT
and �E10 samples, PS1-NTF, PS1-CTF, �E10-CTF, nicastrin, Aph1, and Pen2 coimmunoprecipi-
tated with the PS1N antibody. N-Cadherin and �-catenin coimmunoprecipitated with PS1N in
WT mice but not in �E10 mice. Lysate, Total brain lysate at 50 �g. Aph1 cannot be seen by
straight Western blot because of the sensitivity of the antibody but can be detected by IP–
Western blot. The asterisk denotes nonspecific hybridization.

Figure 4. PS1-CTF and �E10-CTF do not form dimers. PS1 �E10/� heterozygous mouse
brain was used to analyze the dimer formation between the PS1 fragments. A, �E10/� brain
lysates (Lysate) were subjected to immunoprecipitation with the PS1N antibody, followed by
Western blotting using the PS1N and PS1C antibodies, respectively. The result showed positive
interaction of PS1-NTF with wild-type (PS1-CTF) and �E10-CTF and that the PS1C antibody
recognized both CTFs with similar affinity. rIgG, IP with rabbit IgG antibody. The asterisk de-
notes nonspecific hybridization. B, Forebrain extracts in 1% CHAPSO were immunoprecipitated
by a monoclonal anti-PS1 loop antibody (PS1mAb), which only recognizes wild-type PS1-CTF,
but not �E10-CTF, at 1 and 2 �l concentrations, followed by Western blotting using the PS1C,
PS1N, and anti-nicastrin antibodies. The results documented coimmunoprecipitation of PS1-
CTF with PS1-NTF and nicastrin. However, PS1-CTF and �E10-CTF did not coimmunoprecipi-
tate. Lysate, Total brain lysate at 50 �g showing the presence of both PS1-CTF and �E10-CTF in
the input. Ab, Antibody.
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sufficient PS-dependent processing, inversely correlate with total
�-secretase activity. Having established an impaired A�40 pro-
duction in PS1 �E10 animals, we next determined the effect of
the loop deletion on overall PS1-dependent processing. Western
blot analysis of brain samples taken from APP transgenic mice
expressing either wild-type PS1 (APP) or PS1 with exon 10 dele-
tion (APP/�E10) showed that both the APP-CTF levels (Fig. 6A)
as well as the CTF to full-length ratio (Fig. 6B) were significantly
higher in APP/�E10 samples than the APP controls. The same
result was also obtained when another PS1 substrate N-cadherin
was analyzed (Fig. 6). These data support the notion that the PS1
�E10 is partial loss-of-function on �-secretase activity, leading to
the accumulations of APP and N-cadherin CTF. Because APP-
CTF intensities inversely correlate with A�40 levels, it is thus the
level of A�40, but not A�42, that is representative of the total
�-secretase activity.

Exacerbated plaque pathology in PS1 �E10 mice
A�42 has been established to play a dominant role in amyloid
pathology (Iwatsubo et al., 1994; McGowan et al., 2005). How-
ever, A�40 is the major A� species produced, and its contribution

to amyloid pathogenesis has not been clearly defined because PS1
familial AD (FAD) mutations often result in a shift of cleavage
from the A�40 site to the A�42 site. The fact that deletion of the
PS1 hydrophilic loop sequence leads to a specific reduction of
A�40 without alteration in A�42 offers a unique system to deter-
mine the effect of A�40 on amyloid pathology. We therefore per-
formed A� immunohistochemical staining to evaluate the
�-amyloid plaque pathology in APP/�E10 mice and compared it
with APP transgenic controls. Females were used for all studies to
eliminate potential variability caused by gender differences.

We performed A� staining of 10-month-old animals because
this age marks the onset of amyloid pathology in APP transgenic
mice. As expected, sparse amyloid deposits could be detected
only in the cortex (Fig. 7Aa, arrowhead), but not the hippocam-
pus (Fig. 7Ac), of control APP mice. Because APP/�E10 samples
exhibited reduced �-secretase activity, we expected delayed onset
of plaque pathology in these animals. Surprisingly, the plaque
density was dramatically higher in APP/�E10 brains, and numer-
ous plaques could be detected in both the cortex and hippocam-
pus at this age (Fig. 7Ab,Ad, arrowheads, respectively; quantified
in C). Analysis of 12-month-old animals revealed limited plaques
in the cortex and hippocampus of APP controls (Fig. 7Ba), and
thioflavine S-positive plaques were minimal (Fig. 7Bc). In con-
trast, the plaque pathology was significantly enhanced in both the
cortex and hippocampus of APP/�E10 brains (Fig. 7Bb; quanti-
fied in C), and most of the plaques were thioflavine S positive
(Fig. 7Bd). Similar results were obtained when the two transgenic
lines were compared at 14 and 16 months, which showed an
approximate threefold increase in plaque density in APP/�E10
brains compared with that of APP transgenic controls (Fig. 7C).

Figure 5. Effect of PS1 �E10 on A�40 and A�42 production. A, In vitro �-secretase assay to
determine the reaction rate of �-secretase for the 40 and 42 site cleavage. The CHAPSO-
solubilized membrane proteins prepared from the WT and PS1 �E10 mouse brain samples were
used for the in vitro �-secretase activity assay. The 40 and 42 site cleavages were detected by
G2-10 and G2-11 antibodies, respectively. n � 3 per group. B, Sandwich ELISA of human A�40

and A�42 in forebrain samples of Tg2576 APP transgenic mice (APP) or APP transgene ex-
pressed on homozygous PS1 �E10 background (APP/�E10). Soluble, TBS soluble A�; Insolu-
ble, TBS-resistant, guanidine-extractable A�. Mice at 2 months of age were used for both
assays. Student’s t test was used for all statistical analysis, and the p values are shown. ns,
Nonsignificant ( p � 0.05, t test).

Figure 6. Western blot analysis of APP and N-cadherin CTF levels. A, Representative Western
blots of full-length (FL) APP and N-cadherin and their perspective CTF levels in forebrains of
12-month-old Tg2576 APP transgenic mice (APP) or APP transgene expressed on homozygous
PS1 �E10 background (APP/�E10). B, Normalized APP and N-cadherin CTF to full-length ratio
(mean � SD). *p 	 0.05 (Student’s t test).
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Immunostaining of mice at 6 – 8 months failed to identify amy-
loid plaques in both the APP and APP/�E10 mice (data not
shown), suggesting that the onset of plaque pathology was not
significantly accelerated in APP/�E10 mutants. Overall, these re-
sults demonstrate that deletion of the PS1 hydrophilic loop do-

main is associated with reduced A�40 production as well as total
PS1-dependent processing, leading to exacerbated amyloid pa-
thology without overtly affecting the onset of plaque deposition.

Discussion
Role of PS1 in �-catenin regulation and skin tumorigenesis
PS1 interacts with �-catenin through the large hydrophilic loop
domain, and substantial in vitro evidence supports an involve-
ment of PS1 in �-catenin regulation through physical interac-
tions (Kang et al., 1999; Soriano et al., 2001; Kang et al., 2002).
This is corroborated by our in vivo findings that loss of PS1 is
associated with skin tumorigenesis and an elevated signaling pool
of �-catenin (Xia et al., 2001). However, PS1 deficiency simulta-
neously disrupts the Notch signaling pathway, and inactivation
of Notch in epidermis has been shown to lead to �-catenin de-
regulation and skin tumor progression (Nicolas et al., 2003). As
such, it remains to be established which of the two mechanisms
plays a major role in �-catenin regulation in vivo. By creating
mice with a deletion of exon 10 in endogenous PS1, we effectively
removed the sequences required for �-catenin binding but pre-
served the �-secretase complex essential for Notch processing.
We document that mice with a homozygous deletion of exon 10
of PS1 do not exhibit overt abnormalities and do not develop
spontaneous skin cancers. Therefore, the skin tumor phenotype
seen in the absence of PS1 is likely caused by a defective Notch
signaling pathway, with �-catenin as a downstream effector (Xia
et al., 2001; Nicolas et al., 2003). This assessment is supported by
our finding that PS2, which is known to contribute to Notch
signaling but not �-catenin binding (Donoviel et al., 1999; Her-
reman et al., 1999; Kang et al., 1999), also facilitates hyperprolif-
erative skin and other phenotypes (Qyang et al., 2004; Tournoy et
al., 2004). Nevertheless, spontaneous skin tumor frequency in
our PS1 “null” mice appears to be higher than that of the Notch 1
conditional knock-out, and a chemical-induced carcinogenesis
protocol was used to substantiate a role of Notch 1 in skin tumor-
igenesis (Nicolas et al., 2003). Whether our PS1 �E10 mice are
more susceptible to carcinogen-induced tumor progression
awaits future investigation.

In addition to �-catenin, the hydrophilic loop sequence of PS1
has been shown to interact with other proteins, including N- and
E-cadherins, and this interaction has been reported to promote
the cytoskeletal association of cadherin/catenin complexes at the
synaptic and epithelial cell– cell contacts (Baki et al., 2001). The
fact that deletion of exon 10 of PS1 disrupts the PS1–N-cadherin
interaction without overtly affecting N-cadherin expression or
localization suggests that this interaction does not play a major
role in regulating cadherin/catenin complex assembly or stability;
the latter could be conferred through the PS1 �-secretase activity
because the cadherins have been shown to be subject to
�-secretase processing (Fig. 6) (Marambaud et al., 2002).

Role of the PS1 hydrophilic loop in high-molecular-weight
complex assembly and �-secretase activity
The hydrophilic loop sequences of PS1 and PS2 are not con-
served, and previous studies demonstrated a dispensable role of
the PS1 hydrophilic loop in �-secretase function (Saura et al.,
2000; Xia et al., 2002). However, taking into consideration that
the PS1 FAD mutations spread throughout the entire protein
including the loop sequence (summarized in http://www.
alzforum.org) and that all mutations alter the �-secretase pro-
cessing profile, we rationalized that the PS1 hydrophilic loop
sequence may play a modulatory role on �-secretase cleavage.
Indeed, both the in vitro �-secretase assay and sandwich ELISA

Figure 7. Deletion of the hydrophilic loop region of PS1 promotes amyloid plaque pathol-
ogy. A, Coronal sections of 10-month-old APP transgenic mice expressed on wild-type PS1
background (APP) or homozygous PS1 �E10 background (APP/�E10) were immunostained
with the A� monoclonal antibody 6E10 and counterstained with hematoxylin. a, b, Cortex; c, d,
hippocampus. Representative plaques are highlighted by arrowheads. B, 6E10 (a, b) and thio-
flavine S (c, d) staining of APP and APP/�E10 animals at 12 months of age. Scale bars: A, 100
�m; B, 200 �m. C, Quantification of the number of amyloid plaques in control APP and APP/
�E10 mice at 10, 12, 14, and 16 months of age (M) (mean � SD). **p 	 0.001 (Student’s t
test).
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document a significant reduction of total A� (A�40 and A�42)
and A�40, and Western blot analysis reveals impaired PS1-
dependent processing as evidenced by higher APP and
N-cadherin CTF levels as a result of PS1 hydrophilic deletion. As
such, the PS1 �E10 allele represents a partial loss-of-function
allele for the �-secretase activity.

The mechanism for �-secretase regulation by the PS1 loop
domain remains to be established. Gel filtration analysis revealed
normal formation of the high-molecular-weight complex in PS1
�E10 brains. Because both point mutations and exon 9 deletion
of PS1 FAD variants have been shown to lead to changes of PS1
conformation and substrate recognition (Berezovska et al.,
2005), it is conceivable that deleting the large hydrophilic loop
domain may also alter PS1 conformation and, hence, affect the
�-secretase activity. In particular, the loop domain, which
bridges TM 6 and 7 in which aspartates 257 and 385 reside, could
regulate the physical proximity of the two proposed active sites
(Wolfe et al., 1999; Li et al., 2000b). Alternatively, the PS1 hydro-
philic loop sequence has been reported to bind to numerous
proteins in addition to �-catenin and has been shown to be phos-
phorylated by GSK3� (Thinakaran, 1999; Kirschenbaum et al.,
2001). The loop domain could in principle affect the �-secretase
assembly and activity through these interacting proteins or post-
translational modifications. Indeed, �-secretase complexes of
various molecular mass and activities have been reported, and
�-catenin was shown to be a component of the complex (Yu et al.,
1998; Gu et al., 2004). Of additional note, Wu et al. (1998)
showed that the Caenorhabditis elegans presenilin Sel12 physi-
cally interacts with Sel10 through the hydrophilic loop. Sel10 is a
homolog of the mammalian ubiquitin ligase Fbw9 that has been
implicated in facilitation of the ubiquitination of cyclin E and
Notch (Gupta-Rossi et al., 2001; Koepp et al., 2001; Tetzlaff et al.,
2004). Therefore, it is tempting to speculate that interaction of
PS1 with Fbw9 could regulate PS1 stability and, by extension,
�-secretase activity. However, we did not detect significant
changes in PS1 turnover rate in fibroblast or neuronal cultures
derived from PS1 �E10 mice, nor could we find any differences in
PS1 protein levels by Fbw9 interference RNA treatment (Y. Deng
and H. Zheng, unpublished observation). Therefore, activated
Notch as a result of Fbw9 inactivation is likely caused by a
presenilin-independent mechanism.

The expression of two biochemically differentiable PS1 CTFs
at an equal molar ratio in the PS1 �E10 heterozygous mice offers
a distinct advantage to test the PS1 homodimer model (Schroeter
et al., 2003; Cervantes et al., 2004). Our results that both the
wild-type PS1-CTF and �E10-CTF (1) could be incorporated
into a similar high-molecular-weight complex (Fig. 2A), (2)
could complex with PS1-NTF as well as all other known essential
�-secretase components, including nicastrin, Aph1 and Pen2
(Fig. 3), and (3) could be specifically labeled by a transition-state
inhibitor that only binds to active �-secretase complex (Fig. 2B)
provide strong support for the notion that deletion of exon 10
does not interfere with �-secretase assembly. The fact that wild-
type PS1-CTF and �E10-CTF do not interact with each other
thus argues against the existence of PS1 homodimers in the
�-secretase complex. This assessment is in line with the finding by
Saura et al. (1999) that PS1 and PS2 fragments do not assemble
into the same complex, although they individually recruit the
same �-secretase cofactors. However, we cannot exclude the pos-
sibility that the wild-type PS1 and PS1 �E10 form independent
homodimers.

Partial loss-of-function is the underlying mechanism for
enhanced amyloid pathology in PS1 �E10 mice
Immunohistochemical analysis showed that deletion of the PS1
hydrophilic loop sequence resulted in a 2.5- to 3-fold increase in
amyloid burden. Because these animals exhibit reduced A�40 lev-
els, whereas A�42 remains constant, the exacerbated plaque pa-
thology in APP/�E10 mice is likely the outcome of partial loss-
of-function at A�40 site cleavage. This is, to our knowledge, the
first report to demonstrate that a net reduction of �-secretase
activity can promote amyloid pathology, and our results suggest
that A�40 is protective against amyloidogenesis. Because the on-
set of plaque pathology is not significantly affected by the loop
deletion, it appears that A�42 plays an essential role in initiating
the amyloid pathology, whereas A�40 negatively affects the sever-
ity. A dominant effect of A�42 on amyloid pathogenesis was dem-
onstrated recently by McGowan et al. (2005) who showed plaque
formation in transgenic mice expressing A�42 alone but not A�40.

Our finding that partial loss-of-function of �-secretase activ-
ity can promote amyloid pathology has important implications
in our understanding of PS1 FAD mutations and AD pathogen-
esis in general. Because both PS1 �E10 and PS1 FAD variants lead
to an increased ratio of A�42/A�40 and accelerated plaque pathol-
ogy, it can be argued that they share common mechanisms in the
amyloidogenic process. The increase in A�42/A�40 ratio in PS1
�E10 mice is caused solely by reduced A�40, whereas in the case
of PS1 FAD, it is often attributed by a simultaneous increase in
A�42 and reduction in A�40 (Kulic et al., 2000; Siman et al., 2000).
As such, both alleles may result in partial loss-of-function with
respect to A�40 site cleavage and possibly total PS1-dependent
processing. Consistent with this notion, several published reports
document that various PS1 FAD mutants exhibit impaired
�-secretase activities on APP, Notch, and cadherins (Song et al.,
1999; Chen et al., 2002; Moehlmann et al., 2002; Marambaud et
al., 2003; Wiley et al., 2005). Building on this common theme, it is
tempting to speculate that a reduction in A�40 (i.e., partial loss-
of-function) could be the primary cause for the observed A�42

increase (gain-of-misfunction) and the exacerbated amyloid pa-
thology by PS1 FAD mutations. This partial-loss-of-function
model would allow reconciliation of the apparent discrepancy of
the PS1 FAD effects on reduced substrate processing activity and
accelerated plaque pathology. Nevertheless, an active �-secretase
complex with an imbalance of A�40 and A�42 species is likely a
prerequisite for amyloid pathogenesis because reducing PS1 dos-
age by 50% does not promote amyloid deposition (Jankowsky et
al., 2004), and genetic ablation of PS1 blocks A� production and
amyloid pathology (Dewachter et al., 2002; Saura et al., 2005).

In closing, the generation of mice with a deletion of the large
hydrophilic loop sequence of endogenous PS1 allows us to ad-
dress the physiological function of this domain in �-catenin reg-
ulation and �-secretase activity. We report here that the loop
sequence plays a modulatory role in �-secretase cleavage and,
importantly, that a reduced �-secretase activity, not an increased
A�42, is the underlying mechanism for enhanced amyloid pathol-
ogy. Our results support a protective role of A�40 against amyloid
deposition and raise the possibility that a partial loss-of-function
could be the mechanism for AD pathogenesis in general.
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