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The E693� mutation within the amyloid precursor
protein (APP) has been suggested to cause dementia
via the enhanced formation of synaptotoxic amyloid
� (A�) oligomers. However, this mutation markedly
decreases A� secretion, implying the existence of an
additional mechanism of neuronal dysfunction that is
independent of extracellular A�. We therefore exam-
ined the effects of this mutation on both APP process-
ing to produce A� as well as subcellular localization
and accumulation of A� in transfected HEK293 and
COS-7 cells. Both �- and �-cleavage of mutant APP
increased, indicating a lack of inhibition in A� pro-
duction. Instead, this mutation promoted A� accumu-
lation within cells, including the endoplasmic reticu-
lum (ER), Golgi apparatus, early and late endosomes,
lysosomes, and autophagosomes, all of which have
been proposed as intracellular sites of A� genera-
tion and/or degradation, suggesting impairment of
APP/A� trafficking. Notably, the intracellular mutant
A� was found to predominantly form oligomers.
Concomitant with this accumulation, the ER stress
markers Grp78 and phosphorylated eIF2� were
both strongly induced. Furthermore, the activation of
caspase-4 and -3 as well as DNA fragmentation were
detected in these cells. These results suggest that mu-
tant A� induces alteration of A� trafficking and sub-
sequent ER stress-induced apoptosis via enhancement
of its intracellular oligomerization. Our findings sug-
gest that A� oligomers exhibit toxicity in the extra-

cellular space and within the cells themselves. (Am J

Pathol 2009, 174:957–969; DOI: 10.2353/ajpath.2009.080480)

Soluble oligomers of amyloid � (A�) peptide are believed
to cause synaptic and cognitive dysfunction in the early
stages of Alzheimer’s disease (AD).1,2 Natural low-n A�
oligomers, such as dimers and trimers, have been shown
to inhibit hippocampal long-term potentiation (LTP)3,4

and memory4,5 when injected into rat cerebral ventricle.
Synthetic and natural larger-size A� oligomers, such as
12-mers termed A�-derived diffusible ligands6,7 and
A�*56,8 have also been demonstrated to inhibit LTP in rat
hippocampal slices6 and disrupt memory when adminis-
tered into rat cerebral ventricle.8 Both low-n oligomers
and A�-derived diffusible ligands have been shown to
induce loss of synapses when applied exogenously in
hippocampal slices and neurons.9,10 In addition to direct
evidence for the synaptotoxicity of A� oligomers, many
correlative studies between soluble A� and synaptic and
cognitive dysfunction have been reported.7,11–16 Taken
together, these findings have established the so-called
oligomer hypothesis that AD begins with synaptic dys-
function caused by diffusible, extracellular A� oligomers.

Nevertheless, it is still unclear whether this mechanism
is actually responsible for AD in humans. We previously
identified an amyloid precursor protein (APP) mutation,
E693�, in Japanese pedigrees exhibiting AD and Alzhe-
imer’s-like dementia.17 This mutation is located within
the A� sequence and produces variant A� lacking
glutamate-22 (E22�). Aggregation studies using syn-
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thetic peptides demonstrated that the mutant A� exhib-
ited a unique property of enhanced oligomerization but
no fibrillization. Amyloid imaging of patient’s brains using
Pittsburgh compound-B revealed few amyloid plaques.
In line with the oligomer hypothesis, this mutant peptide
inhibited hippocampal LTP more potently than wild-type
peptide when injected into rat cerebral ventricle. In ad-
dition, this mutant peptide induced loss of synapses
more potently than wild-type peptide in mouse hip-
pocampal slices.18 These findings suggest that the
E693� mutation causes dementia by enhanced formation
of synaptotoxic A� oligomers, which may provide genetic
validation in humans for the oligomer hypothesis.

However, this mutation caused a marked reduction in
A�40 and A�42 secretion from transfected cells,17 a
finding that appears incompatible with a pathological
mutation. This observation led us to speculate that the
E693� mutation may disturb neuronal function not only by
forming extracellular A� oligomers but also by an addi-
tional, intracellular mechanism independent of extracel-
lular A�. To test this possibility, we examined the effects
of this mutation on APP processing to produce A� and on
subcellular localization and accumulation of A� in trans-
fected cells. The E693� mutation exhibited no inhibitory
effects on �- and �-cleavage of the mutant APP, and
instead enhanced them. This mutation thus increased A�
accumulation within cells. Immunocytochemical analyses
suggested that the E693� mutation affects A� trafficking
and induces endoplasmic reticulum (ER) stress-medi-
ated apoptosis probably via enhancement of A� oli-
gomerization. Such toxic effects of intracellular A� are
probably not restricted to the E693� mutation and appear
instead to be a common mechanism by which A� oli-
gomers cause neuronal dysfunction.

Materials and Methods

Antibodies

Monoclonal antibodies specific to A�42 (11C)19 and to
A� oligomers (NU-1)20 and polyclonal antibodies to the
N-terminal region of A� (�001)19 and to the C-terminal
region of APP (C40)21 were prepared in our laboratories.
A monoclonal antibody, 6E10, to residues 3 to 8 of A�
(Signet Laboratories, Inc., Dedham, MA), a polyclonal
antibody to actin (Sigma-Aldrich, Inc., St Louis, MO), and
polyclonal antibodies to organelle markers were pur-
chased, including anti-calnexin antibody (Stressgen
Bioreagents Corp., Ann Arbor, MI) for ER, anti-furin anti-
body (Affinity Bioreagents, Golden, CO) for Golgi appa-
ratus, anti-early endosome antigen-1 (EEA1) antibody
(Upstate, Lake Placid, NY) for early endosomes, anti-
mannose 6 phosphate receptor (M6PR) antibody (Ab-
cam, Inc., Cambridge, MA) for late endosomes, anti-
lysosome-associated membrane protein-2 (LAMP-2)
antibody (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA) for lysosomes, and anti-microtubule-associated pro-
tein-1 light chain 3 (LC3) antibody (MBL, Nagoya, Japan)
for autophagosomes. A polyclonal antibody to Grp78
(BiP) was obtained from Stressgen Bioreagents Corp.,

and polyclonal antibodies to the eukaryotic initiation fac-
tor 2� subunit (eIF2�) and to phosphorylated eIF2� were
from Cell Signaling Technology, Inc. (Beverly, MA).
Monoclonal antibodies to caspase-4 (4B9; MBL) and to
cleaved caspase-3 (5A1, Cell Signaling Technology)
were also purchased.

APP and C99 Constructs

Wild-type human APP695 (APPWT) cDNA was amplified
by polymerase chain reaction (PCR) from pooled human
cDNA, and cloned into a pCI mammalian expression
vector (Promega Corp., Madison, WI) at the NheI and
NotI sites. Mutant APP cDNAs with the E693� and Swed-
ish (K670N/M671L) mutations (APPE693� and APPSW, re-
spectively) were prepared by site-directed mutagenesis
and cloned into pCI vector at the same sites. Wild-type
and mutant C99 cDNAs were amplified by PCR from
these APP constructs. To express C99 on cellular mem-
branes, we prepared a PCR primer overlapping the APP
leader sequence (corresponding to the first 17 amino
acids of APP) and the N-terminal region of C99. The APP
leader sequence-C99 fusion cDNAs were cloned into pCI
vector at the NheI and NotI sites. To prepare molecular
size markers in Western blotting, C59 and C50 cDNAs
were also amplified by PCR from the APPWT construct
using PCR primers containing the start codon (ATG), and
cloned into pCI vector at the same sites.

Western Blotting to Measure �-Cleavage
Products

HEK293 cells were transfected with APPWT and APPE693�

constructs using the Lipofectamine Plus reagent (Invitro-
gen Corp., Carlsbad, CA). The cells were cultured over-
night in OPTI-MEM I (Gibco BRL, Invitrogen, Carlsbad,
CA) supplemented with 10% fetal calf serum (FCS), and
media were replaced every day with serum-free OPTI-
MEM I containing 1 �mol/L �-secretase inhibitor
L-685,458 (Peptide Institute, Osaka, Japan). Three days
after transfection, the conditioned media were harvested
and subjected to A� enzyme-linked immunosorbent as-
say (BioSource International, Inc., Camarillo, CA) to con-
firm that L-685,458 sufficiently inhibited �-secretase ac-
tivity. The cells were washed with phosphate-buffered
saline (PBS), harvested using a cell scraper, and homog-
enized by sonication in 1% Triton X-100/Tris-buffered
saline (100 mmol/L Tris-HCl, pH 7.6, 150 mmol/L NaCl)
containing protease inhibitor cocktail P8340 (Sigma). Af-
ter agitation at 4°C for 1 hour, the cell homogenates were
centrifuged at 1000 � g for 10 minutes at 4°C to remove cell
debris and insoluble materials. The supernatants were sub-
jected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) with 12% NuPage Bis-Tris gels
(Invitrogen), and transferred to polyvinylidene difluoride
(PVDF) membranes (Millipore, Billerica, MA). APP and its
products C-terminal fragment (CTF)� and CTF� were
probed with C40 followed by horseradish peroxidase-la-
beled anti-rabbit antibody (Bio-Rad Laboratories, Inc., Her-
cules, CA) and the chemiluminescent substrate ECL Plus
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(Amersham, GE Health care, Buckinghamshire, UK). Sig-
nals were visualized and quantified using a LAS-3000 lumi-
nescent image analyzer (Fujifilm, Tokyo, Japan).

Western Blotting to Measure �-Cleavage
Products

HEK293 cells were transfected with C99WT and C99E693�

constructs. The cells were cultured overnight in 10%
FCS/OPTI-MEM I, and the media were replaced with
serum-free OPTI-MEM I. Three days after transfection,
the cells were harvested and homogenized as described
above. After centrifugation at 1000 � g for 10 minutes at
4°C, the supernatants were subjected to SDS-PAGE and
transferred to PVDF membranes. For molecular size
markers, SDS-PAGE samples were also prepared from
C59 and C50 transfectants and loaded on the gels. C99
and its product APP intracellular domain (AICD) were
probed with C40 and quantified as described above.

Immunoprecipitation/Western Blotting of
Intracellular A�

HEK293 cells were transfected with APPWT, APPE693�,
APPSW, and APPSW/E693� constructs. The cells were cul-
tured overnight in 10% FCS/OPTI-MEM I, and media were
replaced with serum-free OPTI-MEM I. Two and three
days after transfection, the cells were harvested and
homogenized as described above. The cell homoge-
nates were centrifuged at 14,000 � g for 15 minutes at
4°C. Aliquots of the supernatants were subjected to SDS-
PAGE followed by Western blotting with C40 for quantifi-
cation of APP levels. The remaining portions of the su-
pernatants were combined into one tube to combine cell
extracts from five culture dishes (10 cm diameter). APP
and CTFs in the samples were precleared by immu-
nodepletion with C40 and protein A Sepharose (Pharma-
cia, Piscataway, NJ) at 4°C overnight. A� in the samples
was then immunoprecipitated with 6E10 and protein A
Sepharose at 4°C overnight. The precipitates were
washed three times with 1% Triton X-100/Tris-buffered
saline, once with Tris-buffered saline, and boiled for 5
minutes in SDS sample buffer to elute A�. The eluates
were subjected to SDS-PAGE with 12% Bis-Tris gels, and
transferred to PVDF membranes. The membranes were
boiled in PBS for 10 minutes to enhance signals, and A�
was probed with �001 and visualized as described
above.

Immunocytochemistry

COS-7 cells grown on poly-L-lysine-coated coverslips
were transfected with APPWT and APPE693� constructs,
as described above. The cells were cultured overnight in
10% FCS/OPTI-MEM I, and the media were replaced with
serum-free OPTI-MEM I. Two days after transfection, the
cells were fixed with 4% paraformaldehyde in PBS at
room temperature for 30 minutes and permeabilized with
1% saponin in PBS for 10 minutes. In the experiment on

endocytic inhibition, transfected cells were treated with
25 �g/ml of the clathrin-dependent endocytosis inhibitor
chlorpromazine (Sigma) and 25 �g/ml of the clathrin-
independent endocytosis inhibitor nystatin (Sigma) for 15
minutes at 37°C on day 2, and then fixed. After washing
with PBS, the cells were incubated with blocking buffer
containing 20% calf serum in PBS overnight at 4°C. The
cells were then incubated with the primary antibodies
followed by rhodamine (TRITC)- and fluorescein isothio-
cyanate (FITC)-conjugated secondary antibodies (Jack-
son ImmunoResearch Laboratories Inc., West Grove,
PA). The primary antibodies included 11C (1:5), NU-1
(1:1000), �001 (1:5000), anti-calnexin antibody (1:300),
anti-furin antibody (1:500), anti-EEA1 antibody (1:500),
anti-M6PR antibody (1:300), anti-LAMP2 antibody (1:
500), anti-LC3 antibody (1:200), anti-Grp78 antibody
(1:1000), and anti-phosphorylated eIF2� antibody (1:
500). Antibodies were diluted with 10% calf serum in
PBS. The stained specimens were mounted with
Vectashield mounting medium (Vector Laboratories,
Inc., Burlingame, CA) and examined under a LSM 510
confocal laser microscope (Carl Zeiss MicroImaging
GmbH, Jena, Germany).

To compare intracellular A� oligomerization between
APPWT and APPE693�, 10 �001-positive cells were ran-
domly selected from each specimen, and relative fluo-
rescence intensities in regions of interest were quantified
using ImageJ software (National Institutes of Health,
Bethesda, MD). The ratio of oligomers (NU-1-positive
staining) to total A� (�001-positive staining) in each cell
was calculated from the relative fluorescence intensities
with NU-1 and �001.

Western Blotting of eIF2�, Phosphorylated
eIF2�, and Caspase-4

COS-7 cells grown in culture dishes (10 cm diameter)
were transfected with APPWT and APPE693� constructs,
as described above. The cells were cultured overnight in
10% FCS/OPTI-MEM I, and media were replaced with
serum-free OPTI-MEM I. In some experiments, cells were
cultured in serum-free OPTI-MEM I containing 1 �mol/L
�-secretase inhibitor L-685,458. Two days after transfec-
tion, cells were harvested and homogenized by sonica-
tion in 1% Triton X-100/0.5% sodium deoxycholate/0.1%
SDS/Tris-buffered saline containing protease inhibitor
cocktail at 4°C. After centrifugation at 1000 � g for 10
minutes at 4°C, the supernatants were subjected to SDS-
PAGE and transferred to PVDF membranes. The eIF2�,
phosphorylated eIF2�, and caspase-4 were probed with
corresponding antibodies. The protein contents of cell
lysates were normalized to actin.

Caspase-3 Assay

Activation of caspase-3 was assessed by Western blot-
ting to detect cleaved caspase-3 fragments and enzyme
assay to measure caspase-3 activity. COS-7 cells grown
in 96-well culture plates (5000 cells/100 �l/well) were
transfected with APPWT and APPE693� constructs. The
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cells were cultured overnight in 10% FCS/OPTI-MEM I,
and media were replaced with serum-free OPTI-MEM I.
Two days after transfection, staurosporine (Sigma) was
added to some wells of mock transfection at a concen-
tration of 1 �mol/L and incubated for 4 hours at 37°C to
make positive control for apoptosis. For Western blotting,
culture media were removed from four wells of each
transfectant and SDS sample buffer was directly added
to the wells (50 �l/well) to lyse cells. Cell lysates from
these wells were combined into one tube, homogenized
by sonication, and boiled. The samples were subjected
to SDS-PAGE, transferred to PVDF membranes, and
probed with an antibody to cleaved caspase-3. The pro-
tein contents of cell lysates were normalized to actin. In
enzyme assay, we used the Caspase-Glo 3/7 assay kit
(Promega). The luminogenic caspase-3/7 substrate/lucif-
erase mixture was added to another four wells (100 �l/
well) of each transfectant and incubated for 1 hour at
room temperature, which resulted in cell lysis, caspase
cleavage of the substrate, and generation of luminescent
signal produced by luciferase. Cell lysates were transferred
to white-walled 96-well plates and luminescence was mea-
sured using a Wallac 1420 ARVO SX multilabel counter
(Wallac Oy, Turku, Finland). Values were normalized to the
number of cells, which was determined by counting cells
grown in the other two wells of culture plates.

Terminal dUTP Nick-End Labeling (TUNEL)
Assay

COS-7 cells grown on coverslips were transfected with
APPWT and APPE693� constructs, as described above.
After fixation as described above, the cells were washed
twice with PBS and incubated with 50 �l of TUNEL label
mix containing TUNEL enzyme (both from Roche Diag-
nostic GmbH, Mannheim, Germany) for 60 minutes at
37°C. Subsequently the cells were washed three times
and stained with NU-1, as described above. The speci-
mens were examined under a confocal microscope. Five
fields were randomly selected, and NU-1-positive and
TUNEL-/NU-1-positive cells were counted. The experi-
ment was repeated three times, and the mean ratio of
TUNEL-/NU-1-positive cells to NU-1-positive cells (�300
cells in each experiment) was calculated.

Results

Effects of the E693� Mutation on �-Cleavage of
APP

We previously showed that the E693� mutation markedly
reduced both A�40 and A�42 secretion from transfected
HEK293 cells.17 This reduction may reflect low efficiency
of �- and/or �-cleavage of the mutant APP. To address
this question, we studied the effects of this mutation on
APP processing to produce A�. The �-cleavage of APP
was examined by measuring the levels of CTF�, a
�-cleavage product, in HEK293 cells transfected with
APPWT and APPE693� constructs. To prevent further

cleavage of newly generated CTF�, the cells were cul-
tured in the presence of 1 �mol/L L-685,458, a �-secre-
tase inhibitor. The levels of A� in conditioned media were
decreased to levels similar those with mock transfection,
indicating that this inhibitor sufficiently inhibited �-secre-
tase at the concentration used (data not shown). APP and
its product CTFs in cell lysates were analyzed by Western
blotting with C40, a polyclonal antibody to the C-terminal
region of APP. CTF�/APP and CTF�/APP ratios were both
increased by the presence of the E693� mutation (Figure
1, A and B). The CTF�/CTF� ratio was higher in the
mutant APP than wild-type APP. Thus, this mutation in-
creased cleavages of the ectodomain of APP, particularly
at the �-cleavage site.

Effects of the E693� Mutation on �-Cleavage of
APP

�-Cleavage of APP was evaluated by measuring the lev-
els of AICD, a �-cleavage product. For this purpose, we
used C99 (equivalent to CTF�) constructs to avoid effects
of �-cleavage. C99 and its product AICD in cell lysates
were analyzed by Western blotting with C40. For molec-
ular size markers, samples were also prepared from C59

Figure 1. Increased �-cleavage of APP in the presence of E693� mutation.
HEK293 cells were transfected with APPWT and APPE693� constructs and
cultured for 3 days in the presence of 1 �mol/L �-secretase inhibitor
L-685,458. A: Cell lysates were subjected to Western blotting with C40, a
polyclonal antibody to the C-terminal region of APP. A sample prepared from
cells transfected with C99 construct was also loaded on the gels as a molec-
ular size marker. CTF� in the C99 lane was probably generated from trans-
fected C99 and/or endogenous APP by �-secretase. B: Signals for APP, CTF�,
and CTF� were quantified using a LAS-3000 luminescent image analyzer, and
CTF�/APP, CTF�/APP, and CTF�/CTF� ratios were calculated. The columns
and bars represent the means � SD for five transfectants. *P � 0.0145, **P �
0.0002, and ***P � 0.0007 versus wild-type (WT) by unpaired Student’s t-test.
The E693� mutation increased both �- and �-cleavage of APP, particularly
�-cleavage.
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and C50 transfectants and loaded on the gels. C59 and
C50 are thought to be generated from CTF� by function
of �-secretase at the �40- and �-cleavage sites, respec-
tively.22 Again, the C50/C99 ratio was increased by the
presence of the mutation (Figure 2, A and B), indicating
that this mutation enhanced the �-cleavage of APP. We
could not detect signals corresponding to C59 in this
assay. Taken together, these findings showed that the
E693� mutation did not inhibit A� production, and in-
stead increased both �- and �-cleavage of APP.

Effects of the E693� Mutation on Intracellular
A� Accumulation

Despite the enhanced processing of the mutant APP to
produce A�, extracellular A�40 and A�42 levels were
lower in APPE693�-transfected cells than APPWT-trans-
fected cells,17 suggesting that this mutation causes in-
creased intracellular accumulation or accelerated degra-
dation of A� in the extracellular space. The latter
possibility is unlikely because the mutant A� was shown
to be more resistant to proteolytic degradation.17 We
therefore examined the levels of intracellular A� in
HEK293 cells transfected with APPWT, APPE693�, APPSW,

and APPSW/E693� constructs. Levels of expression of APP
were confirmed to be nearly identical among different
transfectants (Figure 3A). After preclearing of APP and
CTFs from cell lysates with C40, A� was immunoprecipi-
tated with the anti-A� monoclonal antibody 6E10, and
detected by Western blotting with �001, a polyclonal
antibody to the N-terminal region of A�. Compared with
APPSW and APPSW/E693�, the mutant A� was shown to
accumulate more abundantly than wild-type A� (Figure
3B). Similar results were obtained with APPWT and
APPE693�, although the amounts of intracellular A� were
much lower (data not shown). Notably, the intracellular
A� appeared to form SDS-stable low-n oligomers, primar-
ily dimers. It is possible that A� trimers also accumulated,
although we could not distinguish A� trimers from CTF�
in this assay, in which CTF� could not be completely
precleared with C40 and could be co-immunoprecipi-
tated with 6E10 and stained with �001. The results ob-
tained suggest that the reduction in A� secretion caused
by the E693� mutation is attributable to increased intra-
cellular accumulation of A�.

Subcellular Localization and Accumulation of A�

We next examined the subcellular localization of A� by
immunocytochemistry to identify intracellular sites of A�
accumulation. We used COS-7 cells for this, because the
cell bodies of COS-7 cells are larger than those of

Figure 2. Increased �-cleavage of C99 in the presence of E693� mutation.
HEK293 cells were transfected with C99WT and C99E693� constructs and
cultured for 3 days. A: Cell lysates were subjected to Western blotting with
C40. For molecular size markers, samples prepared from cells transfected
with C59 and C50 constructs were also loaded on the gels. C83, equivalent to
CTF�, was probably generated from transfected C99 and/or endogenous
APP. Open arrowhead indicates an unidentified fragment of C99. B: Signals
for C99 and C50 were quantified using a LAS-3000, and C50/C99 ratios were
calculated. The columns and bars represent the means � SD for three
transfectants. *P � 0.0111 versus wild-type (WT) by unpaired Student’s t-test.
The E693� mutation increased �-cleavage of C99. Taken together with the
results in Figure 1, this mutation was shown to increase A� production.

Figure 3. Increased intracellular accumulation of the mutant A�. HEK293
cells were transfected with APPSW and APPsw/E693� constructs and cultured
for 2 and 3 days. A: Cell lysates were subjected to Western blotting with C40.
Levels of expression of APP were confirmed to be nearly identical among
different transfectants. No significant increase or appearance of APP-related
fragments other than CTFs was observed in APPsw/E693�-transfected cells
compared with APPSW-transfected cells. B: Cell lysates from five dishes were
combined, and intracellular A� was immunoprecipitated with 6E10, an an-
ti-A� monoclonal antibody. The eluates from the immunoprecipitates were
subjected to Western blotting with �001, a polyclonal antibody to the N-
terminal region of A�. E693� mutation increased intracellular accumulation
of A�. Notably, the intracellular A� appeared to form SDS-stable low-n
oligomers, primarily dimers and possibly trimers.

Toxicity of Intracellular A� Oligomers 961
AJP March 2009, Vol. 174, No. 3



HEK293 cells, making this cell line more suitable for
examination of localization of A�. Cells were transfected
with APPWT and APPE693� constructs and stained with the
anti-A�42 monoclonal antibody 11C in combination with
polyclonal antibodies to organelles, including ER (caln-
exin), Golgi apparatus (Furin), early endosomes (EEA1),
late endosomes (M6PR), lysosomes (LAMP-2), and auto-
phagosomes (LC3), all of which have been suggested to
be intracellular sites of A� generation and/or degrada-
tion.23–28 No difference in level of APP expression was
observed between APPWT- and APPE693�-transfected
cells on Western blotting (data not shown). In both
APPWT- and APPE693�-transfected cells, A� immunoreac-
tivities were detected in all organelles tested, with pref-
erential localization in late endosomes. Consistent with
our immunoprecipitation/Western blotting results, the mu-
tant A� was found to accumulate more abundantly than
wild-type A� within cells.

A� Accumulation in the Secretory Pathway

Higher accumulation of the mutant A� was observed in
ER (Figure 4A) and the Golgi apparatus (Figure 4B).
These organelles are involved in control of protein fold-
ing, modifications, and sorting in the secretory pathway.
Despite the increased accumulation of the mutant A� in
ER and Golgi apparatus, its secretion from cells was
markedly reduced,17 implying impairment of APP/A� traf-

ficking in this pathway. Reduced trafficking of APP to the
plasma membrane has also been suggested in another
APP mutation, the Arctic (E693G) mutation, which in-
creased intracellular A� levels in transfected cells.29

A� Accumulation in the Endocytic Pathway

Higher accumulation of the mutant A� was also ob-
served in early (Figure 5A) and late endosomes (Figure
5B) and lysosomes (Figure 5C). Of all organelles we
tested, A� accumulation was most prominent in late en-
dosomes. Enhanced accumulation of the mutant A� in
endosomes/lysosomes suggests impaired sorting of A�
in endosomal vesicles to lysosomes, which may have
been caused by insufficient degradation of the mutant A�
in lysosomes. Alternatively, endocytosis of the mutant

Figure 4. Increased accumulation of the mutant A� in the secretory path-
way. COS-7 cells were transfected with APPWT and APPE693� constructs and
cultured for 2 days. The cells were fixed with 4% paraformaldehyde in PBS
and permeabilized with 1% saponin in PBS. After blocking with 20% calf
serum in PBS, the cells were stained with the anti-A�42 monoclonal antibody
11C (red) in combination with an anti-calnexin antibody for ER (green) (A)
or anti-furin antibody for Golgi apparatus (green) (B). The mutant A� was
shown to accumulate in ER and Golgi apparatus more abundantly than
wild-type (WT) A�.

Figure 5. Increased accumulation of the mutant A� in the endocytic path-
way. COS-7 cells were transfected with APPWT and APPE693� constructs and
cultured for 2 days. The cells were fixed, permeabilized, and blocked as
described in Figure 4, and then stained with 11C (red) in combination with
an anti-EEA1 antibody for early endosomes (green) (A), anti-M6PR antibody
for late endosomes (green) (B), or anti-LAMP2 antibody for lysosomes
(green) (C). The mutant A� was shown to accumulate in early and late
endosomes and lysosomes more abundantly than wild-type (WT) A�.
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APP may be increased, as suggested in the Arctic mu-
tation,29 which would result in increased A� production in
these vesicles. To test the latter possibility, endocytosis
was halted by treating cells with the endocytosis inhibi-
tors chlorpromazine and nystatin. Endosomal/lysosomal
accumulation of wild-type A� was markedly attenuated
by this treatment, whereas that of mutant A� was not
significantly affected (Figure 6, A and B). This result
suggests that the mutant A� accumulated in these vesi-
cles have been primarily generated via pathways other
than endocytosis, such as the secretory and autophagic
pathways, and transported into endosomal/lysosomal
vesicles beyond their capacity to dispose it. However, we
cannot exclude the possibility that the difference in effect
of treatment between APPWT- and APPE693�-transfected
cells may have just reflected the difference in amount of
A� accumulated intracellularly and that the time of treat-

ment we used (15 minutes) was not enough to clear the
mutant A� from these vesicles.

A� Accumulation in the Autophagic Pathway

Impairment of APP/A� trafficking and abnormal ac-
cumulation of A� in organelles may elicit the induction
of autophagy, by which aged and dysfunctioning or-
ganelles are transported to late endosomes and lyso-
somes to be degraded. In support of this speculation,
autophagosomes were much more strongly induced in
APPE693�-transfected cells (Figure 7). In addition,
higher immunoreactivity of the mutant A� was ob-
served in these vesicles. Such an activation of the
autophagic pathway should provide a certain amount
of A� to endosomes/lysosomes, which may account for
the steady accumulation of A� in endosomes/lyso-

Figure 6. Effects of endocytic inhibition on endosomal/lysosomal accumulation of the mutant A�. COS-7 cells were transfected with APPWT and APPE693�

constructs and cultured for 2 days. On day 2, the cells were treated with 25 �g/ml of the clathrin-dependent endocytosis inhibitor chlorpromazine and 25
�g/ml of the clathrin-independent endocytosis inhibitor nystatin for 15 minutes at 37°C. Soon after this treatment, the cells were fixed, permeabilized, and
blocked as described in Figure 4, and then stained with 11C (red) in combination with an anti-M6PR antibody (green) (A) or anti-LAMP2 antibody (green)
(B). The endosomal/lysosomal accumulation of wild-type (WT) A� was markedly attenuated by this treatment, whereas that of the mutant A� was not
significantly affected.
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somes in APPE693�-transfected cells regardless of in-
hibition of endocytosis (Figure 6).

Intracellular Oligomerization of the Mutant A�

Although impairment of APP/A� trafficking was sug-
gested in APPE693�-transfected cells, the cause of such
impairment is unclear. We speculated that it was induced
by abnormal oligomeric assembly of the mutant A�. We
therefore examined the oligomerization of intracellular A�
using a well-characterized anti-oligomer monoclonal an-
tibody, NU-1.20 Notably, the intracellular mutant A� pre-
dominantly formed oligomers (Figure 8A). The ratio of
oligomers (NU-1-positive staining) to total A� (�001-pos-
itive staining) was higher in APPE693�-transfected cells
than APPWT-transfected cells (Figure 8B).

ER Stress by Mutant A�

It is known that accumulation of abnormally assembled
proteins in ER often induces ER stress in cells.30,31 ER
stress has been shown to be associated with neurode-
generative disorders including AD.32 We therefore exam-
ined whether ER stress responses are induced in
APPE693�-transfected cells. Two ER stress markers,
Grp78 and phosphorylated eIF2�, were examined.
Grp78 (also known as BiP) is an ER resident molecular
chaperone that facilitates the proper folding and assem-
bly of membrane-bound and secreted proteins and is
up-regulated during ER stress.30,31 Eukaryotic initiation
factor 2 (eIF2) plays a role in regulation of translation via
its reversible phosphorylation. Phosphorylation of the �
subunit of eIF2 immediately reduces the level of func-
tional eIF2 and limits translation initiation events within the
cell to down-regulate protein synthesis.30,31 In parallel
with the increased accumulation of A� oligomers,
Grp78 was found to be expressed more abundantly in
APPE693�-transfected cells (Figure 9A). In addition, phos-
phorylated eIF2� was highly induced in these cells (Fig-
ure 9B), as confirmed on Western blotting for phosphor-
ylated eIF2� (Figure 9C).

Apoptosis by Mutant A�

Although the ER stress response provides cells the op-
portunity to correct the environment within the ER, if the
damage is too strong, the response initiates apopto-
sis.30,31 Caspase-12 is involved in signaling pathway
specific to this ER stress-induced apoptosis in mice.31,33

In humans, caspase-4, which was identified as the most
homologous gene to mouse caspase-12, has been
shown to be specifically activated in ER stress-induced
apoptosis.34 The increased ER stress in APPE693�-trans-

Figure 7. Increased accumulation of mutant A� in the autophagic pathway.
COS-7 cells were transfected with APPWT and APPE693� constructs and
cultured for 2 days. The cells were fixed, permeabilized, and blocked as
described in Figure 4, and then stained with 11C (red) in combination with
an anti-LC3 antibody for autophagosomes (green). Autophagy was substan-
tially induced in APPE693�-transfected cells, and higher immunoreactivity of
the mutant A� was observed in the autophagosomes.

Figure 8. Increased oligomerization of the intracellular mutant A�. A: COS-7 cells were transfected with APPWT and APPE693� constructs and cultured for 2 days.
The cells were fixed, permeabilized, and blocked as described in Figure 4, and then stained with a monoclonal antibody NU-1 specific to A� oligomers (red) in
combination with the polyclonal antibody �001 to the N-terminus of A� (green). B: The ratio of oligomers (NU-1-positive staining) to total A� (�001-positive
staining) was calculated. The columns and bars represent the means � SD for 10 transfectants. *P � 0.0001 versus wild-type (WT) by unpaired Student’s t-test.
Increased oligomerization was observed in APPE693�-transfected cells.
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fected cells led us to examine whether these cells
exhibit activation of caspase-4 and undergo apoptosis.
Caspase-4 activation was judged by the appearance of
cleaved fragments of caspase-4 in Western blotting. Ap-
optosis was assessed by activation of caspase-3, which
was determined by the appearance of cleaved fragments
of caspase-3 in Western blotting and by increase in
caspase-3 activity in enzyme assay using luminogenic
substrate. As another sign of apoptosis, DNA fragmenta-
tion was also tested by the TUNEL method. APPE693�-
transfected cells exhibited higher degrees of caspase-4
activation than APPWT-transfected cells (Figure 10A).
These signals were completely abolished by the treat-
ment of cells with 1 �mol/L �-secretase inhibitor
L-685,458 to inhibit A� generation, suggesting that the
observed ER stress-induced apoptosis was caused by
intracellular accumulation of A� but not the expression of
the mutant APP or its metabolites such as CTF�.
APPE693�-transfected cells also demonstrated higher de-
grees of caspase-3 activation than APPWT-transfected
cells in both Western blotting (Figure 10B) and enzyme
assay (Figure 10C). Furthermore, DNA fragmentation was
induced more potently in APPE693�-transfected cells than
APPWT-transfected cells. In parallel with the increased
accumulation of A� oligomers, more abundant TUNEL-
positive staining was observed in APPE693�-transfected
cells (Figure 10D). The TUNEL-/NU-1-positive cell to NU-
1-positive cell ratio was higher in APPE693�-transfected
cells (Figure 10E). We did not observe TUNEL-positive
but NU-1-negative cells. Taken together, our findings
suggest that the E693� mutation causes impairment of
A� trafficking, ER stress, and apoptosis probably via
enhanced formation of intracellular A� oligomers.

Discussion

In the present study, we examined the effects of the
E693� mutation on APP processing to produce A� and
on subcellular localization and accumulation of A� in
transfected cells. This mutation exhibited no inhibitory
effects on �- or �-cleavage of the mutant APP, and in-
stead enhanced them. Nevertheless, this mutation mark-
edly decreased both A�40 and A�42 secretion from
cells.17 We found that this occurred because the E693�
mutation increases A� accumulation within cells. It is
thought that A� is generated in several intracellular path-
ways, in addition to at the plasma membrane.35,36 In the
secretory pathway, A� is generated in ER and Golgi
apparatus and transported to the cell surface to be se-
creted from cells. In the endocytic pathway, A� is gen-
erated in endosomes or taken up from the extracellular
space and sorted to lysosomes to be degraded, or re-
leased from cells by exocytosis or in association with
exosomes.37 Lastly, in the autophagic pathway, A� is
generated in autophagosomes and delivered to late en-
dosomes and lysosomes.28 Increased accumulation of
the mutant A� was observed in all organelles involved in
these pathways, especially in late endosomes. This ab-
normal accumulation and reduced secretion of A� sug-
gest impairment of APP/A� trafficking. The increased
production and intracellular accumulation of A� have
also been demonstrated in another APP mutation, the
Arctic (E693G) mutation.29 This mutation decreases cell
surface expression of APP by reduced trafficking to the
plasma membrane and/or increased endocytosis of APP
and thereby reduces availability for �-cleavage, resulting
in increased extracellular and intracellular levels of A�.

Figure 9. Increased ER stress by the mutant A�. COS-7
cells were transfected with APPWT and APPE693� con-
structs and cultured for 2 days. A: The cells were fixed,
permeabilized, and blocked as described in Figure 4,
and then stained with NU-1 (red) in combination with a
polyclonal antibody to Grp78 (green), a molecular
chaperone that is up-regulated during ER stress. B: Cells
were also stained with an antibody to phosphorylated
eIF2�, an ER stress marker. C: Cell lysates were sub-
jected to Western blotting with C40, anti-eIF2�, and
anti-phosphorylated eIF2� antibodies. In parallel with
the increased accumulation of A� oligomers, ER stress
was prominently induced in APPE693�-transfected cells.
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Although the E693� mutation did not increase extracel-
lular A�40 and A�42 levels, both the Arctic and E693�
mutations exhibit similar effects on A� production and
intracellular accumulation. Our immunocytochemical
findings revealed that such altered trafficking of APP/A�
is probably attributable to enhanced intracellular oli-
gomerization of the mutant A�.

It is currently believed that A� oligomers attack neu-
rons from the extracellular space. A� oligomers bound to
synapses,38 inhibited hippocampal LTP,3,4,6 disrupted
memory,5,8 and caused synapse loss9,10 when applied
exogenously in vivo and in vitro. It would be useful to

determine whether mutant A�s have activities similar to
those of wild-type A�. As we previously reported, the
mutant A�42 E22� peptide potently inhibited hippocam-
pal LTP when injected into rat cerebral ventricle17 and
induced dose-dependent loss of synapses in mouse hip-
pocampal slices when added to culture medium.18 These
findings led us to speculate that synaptic deficits in pa-
tients with the E693� mutation are probably caused by
extracellular A� E22� oligomers.

On the other hand, several reports have suggested
that synaptic dysfunction and alteration are associated
with intraneuronal accumulation of A�.39–41 In AD brain,
A�42 immunoreactivity was first detected within neurons
in brain regions affected early in AD, preceding both
plaque and tangle formation.42 This intraneuronal A�42
was predominantly located in multivesicular bodies, a
type of endosomal vesicle, within synaptic compartments
and was associated with abnormal synaptic morphol-
ogy.43 Furthermore, the intraneuronal A�42 was shown to
aggregate into oligomers.44 We also detected intraneu-
ronal A� oligomers in AD brain and found that synapto-
physin immunoreactivity was absent around neurons
bearing A� oligomers.45 In the triple transgenic 3xTg-AD
mice, synaptic and cognitive dysfunction were shown to
correlate with the accumulation of intraneuronal A�,
which appeared before plaque and tangles.46,47 The in-
traneuronal A� in these mice was also shown to form
SDS-stable oligomers in an age-dependent manner.48

Many other studies on patients with AD49 and Down
syndrome50,51 and on transgenic mouse models of
AD52–55 including those with the Arctic mutation have
demonstrated that intraneuronal accumulation of A� is an
early pathological change before the onset of amyloid
plaque formation, although it is not clear whether those
intracellular A�s form oligomers. In the present study, the
E693� mutation increased intracellular accumulation of
A� oligomers and caused ER stress and apoptosis in
transfected cells, suggesting that neuronal dysfunction in
patients with this mutation may be attributable to intracel-
lular accumulation of A� oligomers.

Our findings may provide new insights into the mech-
anisms underlying the greater virulence of familial AD,
which develops early and progresses rapidly. It has been
shown that A� oligomerization initiates within cells rather
than in the extracellular space.3 In familial cases, muta-
tion-induced increase in A� production (particularly
A�42) or acceleration of A� aggregation56 would result in
more rapid and enhanced oligomerization of A� within
the cells. Such an increased oligomerization may disturb
A� trafficking and induce intracellular accumulation of A�
oligomers, which causes cellular dysfunction. By strongly
eliciting these intracellular mechanisms in addition to
extracellular mechanisms, familial mutations would pre-
sumably lead to early onset and accelerated progression
of the disease.

The mechanism by which intracellular A� causes neu-
ronal dysfunction is still primarily unclear. It has been
suggested that intracellular A� disrupts the impermeabil-
ity of endosomal/lysosomal membranes to induce lyso-
somal leakage, which results in cell death.57–61 Such
membrane disruption may be caused by oligomeric

Figure 10. Increased apoptosis by the mutant A�. COS-7 cells were trans-
fected with APPWT and APPE693� constructs and cultured for 2 days. A: Cell
lysates were subjected to Western blotting with anti-caspase-4 antibody, in
which the appearance of cleaved fragments of caspase-4 represents activa-
tion of caspase-4. Higher degrees of caspase-4 activation were observed in
APPE693�-transfected cells, signals of which were completely abolished by
the treatment of cells with 1 �mol/L �-secretase inhibitor L-685,458. B: Cell
lysates were subjected to Western blotting with an antibody to cleaved
caspase-3, in which the appearance of the specific bands represents activa-
tion of caspase-3. As a positive control for apoptosis, mock-transfected cells
were treated with 1 �mol/L staurosporine (ST) for 4 hours at 37°C. Higher
degrees of caspase-3 activation were observed in APPE693�-transfected cells.
C: Caspase-3 activity was measured in cells using the Caspase-Glo 3/7 assay
kit, which includes luminogenic substrate for caspase-3/7. Again, higher
luminescence was detected in APPE693�-transfected cells, indicating in-
creased apoptosis of these cells. The columns and bars represent the
means � SD for four transfectants. *P � 0.0002 by unpaired Student’s t-test.
D: Cells were fixed, permeabilized, and blocked as described in Figure 4, and
then incubated with TUNEL label mix containing TUNEL enzyme (green).
After washing, the cells were stained with NU-1 (red). E: The ratio of
TUNEL-/NU-1-positive cells to NU-1-positive cells was calculated. The col-
umns and bars represent the means � SD for three experiments. *P � 0.0005
versus wild-type (WT) by unpaired Student’s t-test. In parallel with the
increased accumulation of A� oligomers, stronger TUNEL-positive staining
was observed in APPE693�-transfected cells, indicating increased DNA frag-
mentation, another sign of apoptosis, of these cells. Taken together, it was
shown that the mutant A� causes ER stress-induced apoptosis.
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forms of A�.44,62,63 It remains to be determined whether
the mutant A� we isolated causes lysosomal damage via
its oligomerization. Another possible mechanism of neu-
ronal dysfunction is ER stress, as proposed in the present
study. ER stress is induced when abnormally folded pro-
teins accumulate in the ER beyond the capacity of the ER
to correct their conformation.30,31 In such conditions, a
cellular response termed the unfolded protein response
is activated to protect the cell against the toxic buildup of
misfolded proteins. Molecular chaperones, such as
Grp78, are up-regulated to assist appropriate refolding of
misfolded proteins, and translation initiation factors such
as eIF2 are suppressed to halt further protein synthesis.
However, when severe and prolonged ER stress exten-
sively impairs ER function, the unfolded protein response
ultimately initiates apoptosis.30,31 We previously showed
that a missense mutation in cartilage oligomeric matrix
protein (COMP) linked to pseudoachondroplasia and
multiple epiphyseal dysplasia caused an abnormal ac-
cumulation of COMP in ER and subsequent ER stress-
induced apoptosis in transfected COS-7 cells.64 In these
cells, secretion of the mutant COMP was dramatically
decreased. Such toxic effects probably result in degen-
eration of chondrocytes and skeletal dysplasia in these
diseases. In the present study, we demonstrated that the
E693� mutation increased ER stress and apoptosis in
parallel to increased intracellular accumulation of A� oli-
gomers. Analogous to the mutation of COMP, the E693�
mutation may cause degeneration of neurons and de-
mentia by inducing impaired trafficking of the mutant A�
and subsequent ER stress-mediated apoptosis. It re-
mains to be studied whether A� oligomerization affects
secretion of other proteins or solely A�.

Regarding the molecular sizes of A� oligomers, it is
unclear which size oligomers, low-n, A�-derived diffus-
ible ligand, or A�*56, were formed intracellularly to cause
ER stress-induced apoptosis. We detected at least
dimers on immunoprecipitation/Western blotting analysis,
although these dimers may have been derived from larg-
er-size oligomers by boiling the immunoprecipitates in
the presence of detergent (SDS). In our immunocyto-
chemical studies, we used NU-1 to detect oligomers,
which has been shown to recognize A�-derived diffusible
ligand in dot blot assay but also to react with trimers and
tetramers in Western blotting.20 This issue requires fur-
ther study.

In summary, we examined the cellular metabolism of
APP with or without the E693� mutation in transfected
cells and showed that this mutation affects A� trafficking
and causes ER stress-induced apoptosis in transfected
cells probably via enhanced A� oligomerization. Our
findings suggest an additional mechanism of A� oli-
gomer-induced neuronal dysfunction, in which A� oli-
gomers exhibit toxicity from within the cell.
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