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Abstract
Extracellular deposition of amyloid-beta (Ab) peptide, a metabolite of sequential cleavage of amyloid precursor protein (APP),
is a critical step in the pathogenesis of Alzheimer’s disease (AD). While death-associated protein kinase 1 (DAPK1) is highly
expressed in AD brains and its genetic variants are linked to AD risk, little is known about the impact of DAPK1 on APP
metabolism and Ab generation. In this study, we demonstrated a novel effect of DAPK1 in the regulation of APP processing
using cell culture and mouse models. DAPK1, but not its kinase deficient mutant (K42A), significantly increased human Ab
secretion in neuronal cell culture models. Moreover, knockdown of DAPK1 expression or inhibition of DAPK1 catalytic activity
significantly decreased Ab secretion. Furthermore, DAPK1, but not K42A, triggered Thr668 phosphorylation of APP, which
may initiate and facilitate amyloidogenic APP processing leading to the generation of Ab. In Tg2576 APPswe-overexpressing
mice, knockout of DAPK1 shifted APP processing toward non-amyloidogenic pathway and decreased Ab generation. Finally,
in AD brains, elevated DAPK1 levels showed co-relation with the increase of APP phosphorylation. Combined together, these
results suggest that DAPK1 promotes the phosphorylation and amyloidogenic processing of APP, and that may serve a
potential therapeutic target for AD.

Introduction
One of the main hallmarks of Alzheimer’s disease (AD) is the
formation of extracellular senile plaques, preferentially com-
posed of amyloid-beta (Ab) peptides (1–7). These Ab

polypeptides tend to aggregate and are believe to be neurotoxic.
Ab is a short peptide of 36–43 amino acids, of which the Ab40
and Ab42 peptides have been identified as the most common;
these peptides are derived from the intracellular processing of
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amyloid precursor protein (APP). APP processing occurs via two
pathways: an a-secretase (ADAM10)-mediated non-amyloido-
genic pathway and a b-secretase (BACE1)-mediated amyloido-
genic pathway (1–3,5,8–21). In the non-amyloidogenic pathway,
cleavage occurs by a-secretase within the Ab domain, generating
a large, soluble N-terminal fragment (sAPPa) and an 83-amino
acid C-terminal fragment (CTFa) (22–25). Further cleavage of CTFa

by c-secretase generates P3 peptide and APP intracellular domain
(AICD), which are nontoxic (22,23). In the amyloidogenic pathway,
BACE1 cleaves at the start of the Ab domain, which generates
a soluble N-terminal fragment (sAPPb) and a 99-amino acid
C-terminal fragment (CTFb) (26–29). Further cleavage of CTFb by
c-secretase generates AICD and cytotoxic Ab (30).

APP is a transmembrane protein that can be phosphorylated
at several residues, which may affect the proteolytic processing
and secretion pathways of this protein (31–34). APP has poten-
tially eight phosphorylation sites in its cytoplasmic domain, in-
cluding Thr668 (31–34). Thr668 phosphorylation is induced
during neurite differentiation and is elevated in AD brains (33).
Furthermore, pThr668-APP and BACE1 co-localize in enlarged
endosomes in AD and cultured primary neurons (33). Moreover,
the constitutive phosphorylation of APP at Thr668 in the brain
is thought to regulate the nuclear translocation of the AICD and
induce neurodegeneration (31–38). In addition, the Thr668Ala
mutation or Thr668 kinase inhibitors reduce Ab production (33).
Thr668 phosphorylation may also facilitate the BACE1-mediated
cleavage of APP to increase Ab generation (33). However, the
mechanisms by which Thr668 phosphorylation is regulated are
not fully understood.

Death-associated protein kinase 1 (DAPK1) is an actin fila-
ment-associated, calcium/calmodulin-dependent serine/threo-
nine kinase that promotes apoptosis in response to a variety of
stimuli, including Fas, c-interferon and TNFa (39,40). DAPK1, a
known tumor suppressor protein, is also a key player in several
modes of neuronal death/injury and has been implicated in
late-onset Alzheimer’s disease (LOAD) (41,42). For example,
DAPK1 overexpression or activation increases neuronal cell
death (43,44), and DAPK1 ablation in neurons is less sensitive to
apoptotic stimuli in cell culture and knockout (KO) animal mod-
els (45,46). DAPK1 physically and functionally interacts with the
N-methyl-D aspartate (NMDA) receptor NR2B subunit at extrasy-
naptic sites and this interaction mediates brain damage from
strokes (46–49). Other studies also indicated that DAPK1 poly-
morphism is associated with the risk of developing LOAD and
that DAPK1 kinase activity-deficient mice are more efficient
learners and have better spatial memories than wild-type (WT)
mice (39,50–53). Recently, we showed that DAPK1 expression is
highly upregulated in the brains of AD patients compared with
age-matched normal subjects (54). Moreover, DAPK1 promotes
tau protein accumulation and phosphorylation (54), whereas
DAPK1 ablation in mice reduces tau protein stability and phos-
phorylation at multiple AD-related sites (54). Furthermore,
DAPK1 has been shown to regulate tau function by modulating
microtubule assembly, neuronal differentiation and tau phos-
phorylation (54–56). Since Ab has been found to exacerbate tan-
gle formation in tau mutant mice and tau reduction blocks Ab-
mediated toxicity (57–59), DAPK1 might contribute to AD by reg-
ulating tau and APP. However, it is unknown whether DAPK1
regulates APP processing or Ab secretion, or whether modulat-
ing DAPK1 affects the development of Ab pathology in AD.

In this study, we examined the effect of DAPK1 on APP pro-
cessing and Ab generation in various neuronal cell culture mod-
els and an AD mouse model. We found that DAPK1 interacts
with APP and triggers APP phosphorylation at Thr668.

Interestingly, DAPK1 ablation in APP overexpressing AD mice
dramatically suppressed Ab production. Taken together, these
results demonstrate that DAPK1 is a critical regulator of APP
processing and that DAPK1 deregulation may contribute to the
progression of AD.

Results
DAPK1 increases secretion of human and mouse Ab40

To determine whether DAPK1 plays a role in APP processing, we
first determined the effects of DAPK1 overexpression on Ab se-
cretion in cultured cells by transfecting human neuroglioma H4
or human neuroblastoma SH-SY5Y cells with DAPK1 or the ki-
nase activity-deficient mutant DAPK1K42A construct (Fig. 1A),
followed by measuring total Ab40 secretion from cells.
Interestingly, in our enzyme-linked immunosorbent assay
(ELISA), DAPK1 significantly increased human Ab40 secretion
compared with the empty vector (Fig. 1B and C). However,
DAPK1K42A did not show significant effects compared with WT
DAPK1 (Fig. 1B and C). Next, we used lentiviral expression sys-
tems to generate stable mouse embryonic fibroblast (MEF) cells
expressing DAPK1 or its mutants in a tetracycline-inducible
manner. The addition of doxycycline, a tetracycline analog, into
the growth medium resulted in the production of DAPK1
(Fig. 1D). Again, doxycycline-induced expression of DAPK1 effi-
ciently enhanced Ab40 secretion (Fig. 1E). Moreover, its constitu-
tively active mutant, DAPK1DCaM, also significantly increased
Ab40 secretion (Fig. 1E). However, Ab42 were undetectable
because these cell lines are not the pathological models. These
results show that the overexpression of DAPK1 increases Ab40
secretion and that its effects might depend on its kinase activity.

Inhibition of DAPK1 decreases secretion of Ab40 and
Ab42

To examine whether DAPK1 also contributes to the secretion of
Ab42, we employed SH-SY5Y cells stably overexpressing either
APP WT (SH-SY5Y APPwt) or Swedish mutant form (SH-SY5Y
APPswe), which shifts APP toward b-secretase-mediated path-
way (Fig. 2A). We efficiently knocked down the expression of en-
dogenous DAPK1 using small interfering RNAs (si-RNAs)
(Fig. 2B) or lentiviral-mediated small hairpin RNA (sh-RNA)
(Fig. 2D) in APPwt and APPswe cells. In contrast to the control
cells, the secretion of human Ab40 and Ab42 decreased mark-
edly in DAPK1 knockdowned APPwt and APPswe cells (Fig. 2C
and E). We next examined whether inhibition of DAPK1 cata-
lytic activity affects Ab secretion. For the efficient and selective
pharmacological inhibition of DAPK1 activity, (4Z)-4-(3-pyridyl-
methylene)-2-styryl-oxazol-5-one was chosen as a DAPK1 in-
hibitor. This compound is known to inhibit DAPK1 activity
effectively and selectively (IC50¼ 69 nM) (60) and, in previous
studies, we have shown that this drug regulates DAPK1 activity-
dependent neurite outgrowth and microtubule polymerization
by affecting tau function (54). The DAPK1 inhibitor decreased
Ab40 secretion from both H4 and SH-SY5Y cells (Fig. 3A and B).
The DAPK1 inhibitor also significantly reduced the secretion of
both human Ab40 and Ab42 in SH-SY5Y APPwt and SH-SY5Y
APPswe cells (Fig. 3C). Furthermore, inhibition of DAPK1 kinase
activity using the DAPK1 inhibitor decreased mouse Ab40 secre-
tion from mouse primary cortical neurons and rat Ab40 secre-
tion from rat pheochromocytoma PC12 cells (Fig. 3D and E).
Taken together, our data show that inhibition of DAPK1 expres-
sion or its activity suppresses the secretion of Ab40 and Ab42.
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DAPK1 interacts with APP

We next examined whether DAPK1 interacts with APP in cells.
Chinese hamster ovary (CHO) cells expressing human APP WT
(CHO APPwt) were transfected with empty Flag vector, Flag-
DAPK1 or Flag-DAPK1K42A. Cell lysates were subjected to immu-
noprecipitation with anti-Flag antibody followed by immuno-
blotting analysis with human anti-APP antibody. Both
DAPK1 and DAPK1K42A were associated with APP (Fig. 4A).
Immunoprecipitation with human anti-APP antibody followed
by immunoblotting with anti-Flag antibody also confirmed the
interaction between DAPK1 and APP (Fig. 4B). Moreover, Flag-
DAPK1 and Flag-DAPK1K42A were found to coimmunoprecipitate
with anti-APP in CHO cells expressing the human APP Swedish
mutant form (CHO APPswe) (Supplementary Material, Fig. S1A
and B). Considering that the protein levels of DAPK1K42A were
relatively low compared with WT DAPK1, these results show
that the substitution of lysine 42 does not affect the interaction
between DAPK1 and APP. Furthermore, endogenous DAPK1 and
APP were reciprocally coimmunoprecipitated in human SH-
SY5Y cells (Fig. 4C and D). Thus, both APP WT and the APP
Swedish mutant form stable complexes in cells. Moreover,
DAPK1 and APP were co-localized in CHO APPwt cells

(Supplementary Material, Fig. S1C). Next, to map the domain in
DAPK1 that is important for APP interaction, a series of trun-
cated DAPK1 mutants was generated and used in a co-immuno-
precipitation experiment (Fig. 4E). DAPK1 fragments from 1 to
636 and from 1 to 1270 failed to bind to APP (Fig. 4F). In contrast,
the DAPK1 fragments from 1 to 1423, from 637 to 1423 and from
848 to 1423 efficiently bound to APP, suggesting that the death
domain (1271–1423, DD) is likely bound to APP (Fig. 4F). To ex-
amine whether this interaction is important for Ab secretion,
SH-SY5Y cells were transfected with DAPK1 or DAPK1 DDD fol-
lowed by measuring total Ab40 secretion (Fig. 4G). While DAPK1
increased Ab40 secretion, DAPK1 DDD did not show significant
effects compared with vector control (Fig. 4H). These results
show that DAPK1 and APP interaction is critical for the regula-
tion of Ab secretion.

DAPK1 triggers APP phosphorylation at the Thr668 site

APP is known to contain potentially eight phosphorylation sites
within its cytoplasmic domain (33). Among these sites, Thr668
is mechanistically important for the generation of Ab by initiat-
ing and facilitating amyloidogenic APP cleavage. To determine

Figure 1. DAPK1 stimulates the secretion of human- and mouse Ab40. (A–C) Human H4 and SH-SY5Y cells were transfected with pRK5-Flag, pRK5-Flag-DAPK1 or pRK5-

Flag-DAPK1K42A for 32 h. The cell lysates were subjected to western blot analysis with anti-Flag or anti-actin antibody and the levels of human Ab40 in cell culture su-

pernatants were determined by a solid phase sandwich ELISA assay. Each data point represents the mean 6 standard error of three independent experiments

(*P<0.05; ANOVA/Dunnett’s test). (D, E) MEF cells were transfected with pTRE-Tight vector, pTRE-Tight-DAPK1, pTRE-Tight-DAPK1K42A or pTRE-Tight-DAPK1DCaM for

8 h followed by treatment with or without 1 lg/ml doxycycline for 48 h. The cell lysates were subjected to western blot analysis with anti-Flag or anti-actin antibody

and the levels of mouse Ab40 in cell culture supernatants were determined by a solid phase sandwich ELISA assay. Each data point represents the mean 6 standard er-

ror of three independent experiments (*P<0.05; ANOVA/Dunnett’s test).
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whether DAPK1 may affect APP phosphorylation, SH-SY5Y or
H4 cells were transfected with DAPK1 or K42A construct, fol-
lowed by measuring phosphorylated APP levels. DAPK1, but not
DAPK1K42A, significantly upregulated APP phosphorylation at
Thr668 in SH-SY5Y and H4 cells (Fig. 5A and B, and
Supplementary Material, Fig. S2A and B). However, APP phos-
phorylation at Tyr682 was not affected by either DAPK1 or
DAPK1K42A (Fig. 5A and B and Supplementary Material, Fig. S2A
and B). In order to confirm these results, we efficiently knocked
down the expression of endogenous DAPK1 using lentiviral-me-
diated sh-RNA in SH-SY5Y APPwt or SH-SY5Y APPswe cells
and evaluated APP phosphorylation. Consistent with the
data shown in Fig. 5A and B, knockdown of DAPK1 signifi-
cantly reduced APP phosphorylation at Thr668 but not Tyr682
(Fig. 5C and D, and Supplementary Material, Fig. S2C and D).
Moreover, while transfection of APP WT with DAPK1
significantly promoted Ab secretion, phosphorylation-deficient
mutant APP T668A failed to increase Ab level in the
conditioned media (Supplementary Material, Fig. S3A and B).
Furthermore, DAPK1-induced APP phosphorylation was sup-
pressed when DAPK1 DDD was introduced (Fig. 4G), indicating

that DAPK1 regulates Ab secretion through APP Thr668
phosphorylation.

Previous studies showed that APP is phosphorylated at
Thr668 by many Ser/Thr kinases, including Cdc2, Cdk5, GSK-3b

and JNK3/SAPK1b (31–38). Moreover, ERK increases APP Thr668
phosphorylation during staurosporine-induced apoptosis (61).
Since DAPK1 activates JNK signaling under oxidative stress (62)
and GSK-3b by inhibiting Pin1 activity (63,64), and DAPK1 cata-
lytic activity is increased by ERK (65,66), we hypothesized that
DAPK1 might regulate APP Thr668 phosphorylation through the
regulation of multiple substrates. To examine this possibility,
SH-SY5Y cells were transfected with DAPK1 or the kinase activ-
ity-deficient mutant DAPK1K42A expression construct and sub-
jected to oxidative stress with hydrogen peroxide (H2O2); JNK
activation and APP phosphorylation were then evaluated.
DAPK1, but not the DAPK1K42A mutant, efficiently phosphory-
lated and activated JNK in response to H2O2-triggered oxidative
stress (Fig. 5E). DAPK1 also dramatically increased APP phos-
phorylation at Thr668 after oxidative stress (Fig. 5E and
Supplementary Material, Fig. S3C). Moreover, DAPK1 knock-
down using shRNA significantly suppressed the oxidative

Figure 2. DAPK1 inhibition reduces the secretion of human Ab40 and Ab42 from both SH-SY5Y APPwt and SH-SY5Y APPswe cells. (A) Baseline expression of APP in par-

ent SH-SY5Y cells and SH-SY5Y cells stably expressing empty vector (pcDNA3), APP WT (pcDNA3-hAPP695) or APP Swedish mutant (pcDNA3-hAPP695swe). The cell ly-

sates were subjected to western blot analysis with anti-APP or anti-tubulin antibody. The blots are representative of three independent experiments. (B, C) SH-SY5Y

APPwt and SH-SY5Y APPswe cells were transfected with three different human DAPK1-sepcific siRNAs or scrambled control siRNA for 60 h. The cell lysates were sub-

jected to western blot analysis with anti-DAPK1 or anti-tubulin antibody and the supernatants were subjected to human Ab40 and Ab42 ELISA analyses. The blots are

representative of three independent experiments and ELISA data shown represent the mean 6 standard error of three independent experiments (*P< 0.05; ANOVA/

Dunnett’s test). (D) SH-SY5Y APPwt and SH-SY5Y APPswe cells were infected with control lentiviral vector (pLKO.1) or vectors encoding human DAPK1-specific shRNA,

and selected using puromycin (2 lg/ml) for 2 days. The obtained stable cell lines were maintained in low dose puromycin (0.25 lg/ml). The cell lysates were subjected to

western blot analysis with anti-DAPK1 or anti-tubulin antibody. The blots are representative of three independent experiments. (E) SH-SY5Y APPwt and SH-SY5Y

APPswe cells with stably silenced DAPK1 obtained from (D) were cultured for 30 h. The supernatants were subjected to Ab40 and Ab42 ELISA analyses as in (C). Each

data point represents the mean 6 standard error of three independent experiments (*P<0.05; ANOVA/Dunnett’s test).
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stress-induced JNK phosphorylation at Thr183/Tyr185 and con-
comitant APP phosphorylation at Thr668 (Fig. 5F and G).
Furthermore, inhibition of JNK using a pharmacological JNK in-
hibitor significantly prevented APP Thr668 phosphorylation in
DAPK1 overexpressing cells (Supplementary Material, Fig. S3D
and E). To investigate whether DAPK1 regulate specific JNK iso-
forms to promote APP phosphorylation, we knocked down ex-
pression of endogenous JNK1, JNK2 or JNK3 using si-RNAs in the
SH-SY5Y cells. In contrast to the control cells, when JNK3 ex-
pression is suppressed, APP Thr668 phosphorylation and Ab se-
cretion was significantly decreased in DAPK1 overexpressing
cells (Fig. 5H–J). However, DAPK1-mediated APP Thr668 phos-
phorylation was not inhibited after suppression of JNK1 or JNK2
expression (Supplementary Material, Fig. S3F and G). Since JNK3
activity is increased in human AD brains and significantly pro-
motes Ab secretion (67–69), DAPK1 might increase APP Thr668
phosphorylation and Ab secretion through JNK3 activation.
Moreover, APP Thr668 phosphorylation levels and Ab levels
were decreased when the expression of GSK-3b was sup-
pressed in DAPK1 overexpressing SH-SY5Y cells (Fig. 5K–M).
However, DAPK1-induced APP phosphorylation was not sup-
pressed in ERK knockdown cells (Supplementary Material, Fig.
S3H), indicating that JNK3 and GSK-3b activation is required for
DAPK1-mediated APP phosphorylation at Thr668 and Ab

secretion.
We also examined whether DAPK1 exerts an effect on APP

protein stability. Our cycloheximide (CHX) chase experiments
showed that DAPK1 did not have any effect on the APP protein
half-life in either H4 or SH-SY5Y cells (Supplementary Material,
Fig. S4). Consistent with these results, overexpression or knock-
down of DAPK1 did not have any effect on APP protein expres-
sion (Fig. 5A and C). Altogether, these results suggest that
DAPK1 significantly enhanced APP Thr668 phosphorylation

through JNK3 and GSK-3b activation and that this increase in
phosphorylation was not due to increased protein levels.

KO of DAPK1 downregulates amyloidogenic processing
of APP and Ab secretion in the brain

To test further the effects of DAPK1 on APP phosphorylation, we
analyzed the brain lysates of DAPK1 KO and WT mice.
Concordant with the results from cultured cell lines, depletion
of DAPK1 resulted in the attenuation of APP phosphorylation
at Thr668, while overall APP level and phosphorylation at
Tyr682 were unchanged in the KO mice (Fig. 6A and
Supplementary Material, Fig. S5A–C). To measure the effects of
DAPK1 on endogenous mouse Ab level, we employed primary
cortical neuron and brain slice cultures. In conditioned media
from both experimental settings, Ab levels were significantly
lower in cultures derived DAPK1 KO mice than WT controls
(Fig. 6B and C).

To examine the effects of DAPK1 ablation on APP processing
and Ab generation in vivo, we crossed DAPK1 KO mice with
Tg2576 mice overexpressing APP Swedish mutation
(Supplementary Material, Fig. S5D). ELISA analysis of Tg2576/
DAPK1 KO brain lysates revealed that the levels of TBS-soluble
Ab40 and Ab42 were significantly lower than those of Tg2576
control, �20% at 2 months and 50% at 8 months of age (Fig. 6D).
This DAPK1 KO-induced downregulation Ab was more pro-
nounced in the TBS-insoluble fraction at 8 months (Fig. 6E),
while insoluble Ab40 and Ab42 were barely detectable in Tg2576
at 2 months.

We next measured APP cleavage products in the brain
by western blot analysis. In the Tg2576/DAPK1 KO mice,
the level of APP-CTFb, the direct substrate of c-secretase for

Figure 3. The pharmacological inhibitor of DAPK1 reduces the secretion of Ab40 and Ab42. (A, B) Human H4 (A) and SH-SY5Y (B) cells were treated with the indicated

concentrations of DAPK1 pharmacological inhibitor for 24 h. Levels of human Ab40 in cell culture supernatants after 24 h incubation were determined by a solid phase

sandwich ELISA assay as in (B) and (C). Each data point represents mean 6 standard error of three independent experiments (*P<0.05; ANOVA/Dunnett’s test). (C) SH-

SY5Y APPwt and SH-SY5Y APPswe cells were incubated with the indicated concentrations of DAPK1 pharmacological inhibitor for 24 h. The supernatants were sub-

jected to human Ab40 and Ab42 ELISA analyses as in (C). Each data point represents mean 6 standard error of three independent experiments (*P<0.05; ANOVA/

Dunnett’s test). (D, E) Primary cortical neurons (D) at DIV 8–10 and the rat adrenal pheochromocytoma PC12 (E) cells were treated with the indicated concentrations of

DAPK1 pharmacological inhibitor for 36 h. Levels of Ab40 in cell culture supernatants after 36 h incubation were determined by a solid phase sandwich ELISA assay.

Each data point represents mean 6 standard error of three independent experiments (*P<0.05; ANOVA/Dunnett’s test).

2502 | Human Molecular Genetics, 2016, Vol. 25, No. 12

Downloaded from https://academic.oup.com/hmg/article-abstract/25/12/2498/2525739
by Yonsei University Medical College user
on 20 December 2017

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw114/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw114/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw114/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw114/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw114/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw114/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw114/-/DC1
Deleted Text: Knockout
Deleted Text: . 
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw114/-/DC1
Deleted Text: -
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw114/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw114/-/DC1
Deleted Text: about 
Deleted Text: KO 
Deleted Text: W


Ab generation, was reduced to 35% of that in Tg2576/WT mice
(Fig. 7A and B). Concordantly, sAPPb, the other b-secretase
cleavage product, was significantly decreased in the KO mice.
However, while APP-CTFa, an a-secretase-cleaved membrane-
bound fragment, increased more than 3-fold, sAPPa was not in-
creased accordingly in the Tg2576/DAPK1 KO mouse brains
(Fig. 7A and B). This discrepancy in the level of a-secretase
cleavage product may be caused by the further degradation of
excess sAPPa in the KO brain (21) or by another APP processing
mechanism (70). The ratios of both CTFb:CTFa and sAPPb:sAPPa

show that DAPK1 ablation leads to an 8-fold decrease in the
amyloidogenic pathway. DAPK1 KO also results in the decrease
of APP phosphorylation at Thr668 in the AD mouse brains
(Fig. 7A and C). Combined together, these results suggest that
DAPK1 KO downregulates APP phosphorylation, shifts APP pro-
cessing toward non-amyloidogenic pathway and decreases Ab

generation in the AD brain.

APP Thr668 phosphorylation correlates positively with
DAPK1 levels in human AD hippocampus

In order to measure the endogenous APP processing pattern in
AD brains, we used the Ab 6E10 antibody clone, which reacts to
the processed isoforms, as well as precursor forms. As expected,
Ab peptides showed marked accumulation in AD brains com-
pared with age-matched normal brains (Fig. 8A). Interestingly,
we also found that APP phosphorylation at Thr668 and DAPK1
expression increased markedly in AD brains compared with
age-matched normal brains (Fig. 8A). Moreover, there was a sig-
nificant correlation between DAPK1 expression and APP Thr668
phosphorylation levels in AD brains, as indicated by the
Pearson correlation coefficient (r¼ 0.7508) (Fig. 8A and B). Our
immunohistochemical staining also confirmed that both DAPK1
and APP Thr668 phosphorylation levels increased markedly in
the hippocampal neurons of Alzheimer’s patients compared to

Figure 4. Interaction between DAPK1 and APP. (A, B) CHO cells stably expressing APP WT were transfected with pRK5-Flag, pRK5-Flag-DAPK1 or pRK5-Flag-DAPK1K42A

for 12 h. Cell lysates were immunoprecipitated with rabbit anti-Flag or rabbit anti-APP antibody. The precipitated samples were analyzed by western blotting with

mouse anti-Flag or mouse anti-APP antibody. Total lysates, corresponding to 1% input, were also analyzed by western blotting with same antibodies. Anti-actin anti-

body was used as a loading control. The blots are representative of three independent experiments. (C, D) Endogenous DAPK1 (C) or APP (D) in SH-SY5Y cells was

immunoprecipitated with mouse anti-DAPK1 or rabbit anti-APP antibody, respectively. Immunoprecipitated DAPK1 and APP were subjected to western blot analysis

with mouse anti-DAPK1 or mouse anti-APP antibody. Anti-actin antibody was used as a loading control and the blots are representative of three independent experi-

ments. (E) Schematic representation of full-length DAPK1 and its truncated mutants. (F) CHO cells stably expressing APP WT were transfected with pRK5-Flag-DAPK1

or its truncated mutants. Cell lysates were immunoprecipitated with mouse anti-Flag antibody. The precipitated samples were analyzed by western blotting with rab-

bit anti-APP antibody. Total lysates, corresponding to 1% input, were also analyzed by western blotting with same antibodies. Anti-actin antibody was used as a loading

control. The blots are representative of three independent experiments. Asterisks denote heavy chain. (G, H) SH-SY5Y cells were transfected with pRK5-Flag, pRK5-

Flag-DAPK1 or pRK5-Flag-DAPK1DDD for 32 h. The cell lysates were subjected to western blot analysis to detect phosphorylated APP at Thr668 and total APP protein.

Anti-actin antibody was used as a loading control. The levels of human Ab40 in cell culture supernatants were determined by a solid phase sandwich ELISA assay.

Each data point represents the mean 6 standard error of three independent experiments (*P<0.05; ANOVA/Dunnett’s test).
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Figure 5. DAPK1 induces APP phosphorylation at Thr668. (A, B) SH-SY5Y cells were transfected with pRK5-Flag-DAPK1 or pRK5-Flag-DAPK1K42A for the indicated time

periods. The cell lysates were subjected to western blot analysis to detect phosphorylated (Thr668 and Tyr682) and total APP protein. Anti-tubulin antibody was used
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control brains (Fig. 8C and D). Collectively, these results indicate
DAPK1 is upregulated and a positive correlation between DAPK1
expression and APP Thr668 phosphorylation levels in human
AD brain tissues.

Discussion
Although the cumulative evidence indicates that DAPK1 may
play a critical role in the development of AD, little is known
about whether or how DAPK1 regulates APP processing and Ab

production. In this study, we showed for the first time that
DAPK1 is a critical regulator of APP phosphorylation and pro-
cessing in vitro and in vivo. First, DAPK1 increased both Ab40 and
Ab42 secretion, but its kinase activity-deficient DAPK1K42A mu-
tant failed to promote Ab production. Second, inhibition of
DAPK1 kinase activity using a pharmacological DAPK1 inhibitor
significantly reduced the secretion of both human Ab40 and
Ab42. Third, DAPK1 bound to APP and its binding was not de-
pendent on DAPK1 kinase activity because the kinase-deficient
DAPK1K42A mutant interacted with APP. Fourth, DAPK1 was
found to increase the phosphorylation of APP at Thr668 through
JNK or GSK-3b. Fifth, DAPK1 ablation decreased amyloidogenic
APP processing and Ab secretion in the APP overexpressing
mouse brains. Finally, the significance of these findings is fur-
ther substantiated by the demonstration that phosphorylated
APP Thr668 and DAPK1 levels were highly correlated in the
brain of AD patients. Taken together, these results demonstrate
that DAPK1 stimulates APP phosphorylation at Thr668 and
amyloidogenic APP processing pathway.

Ab is derived from the cleavage of APP and varies in length
from 39 to 43 amino acids. There are two predominant forms of
the Ab peptide in the brain, Ab40 and Ab42, which differ in
length. While Ab40 is the more common of the two in cerebro-
spinal fluid and plasma, Ab42 is the most common form in pla-
ques. Compared with Ab40, Ab42 tends to aggregate more
rapidly and is more fibrillogenic, cytotoxic and pathogenic, and
therefore, is associated with the AD state (71). Interestingly, our
ELISA results demonstrated that DAPK1 stimulated the secre-
tion of both Ab40 and Ab42 from neuronal cells expressing WT
APP or APP bearing the Swedish 670/671 double mutation. It
would be interesting to see whether DAPK1 exerts the same ef-
fects on other APP mutations.

APP, a type I integral membrane protein, has a large N-termi-
nal extracellular domain and a short intracellular C-terminal
domain that can be phosphorylated by various protein kinases.

Phosphorylation of APP is a normal physiological process and
affects the cellular function of APP linked to neurite extension
of differentiating neurons and anterograde transport of vesicu-
lar cargo (69,72,73). However, the increased phosphorylation of
APP can be a pathological cause of AD by regulating APP pro-
cessing and Ab production. To the best of our knowledge, there
are at least eight potential phosphorylation sites in the cyto-
plasmic domain of APP (31–34). Among those sites, the Thr668
residue in the AICD is the most important for APP processing,
Ab generation and AD pathogenesis (31–34). First, it regulates
APP localization to the growth cones and neurites. Second,
phosphorylation of APP at this site contributes to Ab generation
induced by BACE1-mediated cleavage. Third, Thr668 phosphor-
ylation regulates the nuclear translocation of the AICD, which
then induces neurodegeneration. Fourth, Thr668 phosphoryla-
tion suppresses caspase-mediated APP cleavage and may in-
crease susceptibility to neuronal cell death. Given that the
expression of APP phosphorylated at Thr668 is also elevated in
AD brains (33), Thr668 phosphorylation may be a target for AD
therapy. In contrast, the Tyr682 site seems to be involved in APP
regulation other than APP processing or Ab generation. For ex-
ample, phosphorylation at Tyr682 is required for Src homology
2 domain-containing binding (74). Fyn induces phosphorylation
of APP at Tyr682 and increases cell surface expression of APP
(74). Our data indicated that DAPK1, but not DAPK1K42A, signifi-
cantly enhanced APP phosphorylation at the Thr668 site, but
not the Tyr682 site in neuroblastoma cells. Concomitantly,
knockdown or ablation of DAPK1 significantly reduced APP
phosphorylation at Thr668, but not Tyr682. DAPK1 has been
shown to increase JNK activity under oxidative conditions (62).
Our data demonstrate that DAPK1 induces phosphorylation of
APP at Thr668 and promotes Ab secretion through JNK3. This
phosphorylation might be facilitated by DAPK1 kinase activity-
dependent JNK3 activation under oxidative conditions because
JNK3 is a direct kinas of APP at Thr668 and increases Ab secre-
tion (67–69). Recent studies have also reported that a peptidyl-
prolyl cis/trans isomerase, Pin1 inhibits GSK-3b activity (64) and
that DAPK1 negatively regulates Pin1 activity through Ser71
phosphorylation (63,75). In addition, Pin1 directly binds to the
phosphorylated Thr668-proline motif in APP and accelerates its
cis to trans isomerization, helping APP maintain its proper form
and thereby preventing AD pathology (75,76). Given the impor-
tant role of APP phosphorylation at Thr668, the Ser/Thr kinase
DAPK1 might exert its action on APP processing and Ab genera-
tion through the upregulation of abnormal Thr668

as a loading control. The blots are representative of three independent experiments. Phosphorylated APP intensities were quantified by computer-assisted densitome-

try (*P< 0.05; ANOVA/Dunnett’s test). (C, D) Lysates from SH-SY5Y APPwt cells with stably silenced DAPK1 were subjected to western blot analysis to detect phosphory-

lated (Thr668 and Tyr682) and total APP protein. Anti-tubulin antibody was used as a loading control. The blots are representative of three independent experiments.

Phosphorylated APP intensities were quantified by computer-assisted densitometry (*P< 0.05; ANOVA/Dunnett’s test). (E) SH-SY5Y cells were transfected with pRK5-

Flag, pRK5-Flag-DAPK1 or pRK5-Flag-DAPK1K42A for 12 h and treated with 0.5 mM H2O2 for 2 h. The cell lysates were subjected to western blot analysis to detect phos-

phorylated (Thr668) and total APP protein and to detect phosphorylated (Thr183/Tyr185) and total JNK protein. Anti-tubulin antibody was used as a loading control.

The blots are representative of three independent experiments. (F, G) SH-SY5Y cells expressing scrambled control shRNA or human DAPK1-specific shRNA were

treated with 0.5 mM H2O2 for 2 h. The cell lysates were subjected to western blot analysis to detect phosphorylated (Thr668) and total APP protein and to detect phos-

phorylated (Thr183/Tyr185) and total JNK protein. Anti-tubulin antibody was used as a loading control. The blots are representative of three independent experiments.

Phosphorylated APP intensities were quantified by computer-assisted densitometry (*P<0.05; ANOVA/Dunnett’s test). (H–J) SH-SY5Y cells were transfected with hu-

man JNK3-specific siRNA or scrambled control siRNA in combination with pRK5-Flag or pRK5-Flag-DAPK1 for 60 h. The cell lysates were subjected to western blot anal-

ysis to detect phosphorylated (Thr668) and total APP protein. Anti-tubulin antibody was used as a loading control. The blots are representative of three independent

experiments. Phosphorylated APP intensities were quantified by computer-assisted densitometry and human Ab40 levels in cell culture supernatants were determined

by a solid phase sandwich ELISA assay (*P<0.05; ANOVA/Dunnett’s test). (K–M) SH-SY5Y cells were transfected with human GSK-3b-specific siRNA or scrambled con-

trol siRNA in combination with pRK5-Flag or pRK5-Flag-DAPK1 for 60 h. The cell lysates were subjected to western blot analysis to detect phosphorylated (Thr668) and

total APP protein. Anti-tubulin antibody was used as a loading control. The blots are representative of three independent experiments. Phosphorylated APP intensities

were quantified by computer-assisted densitometry and human Ab40 levels in cell culture supernatants were determined by a solid phase sandwich ELISA assay

(*P<0.05; ANOVA/Dunnett’s test).
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phosphorylation by Pin1 inhibition in addition to JNK3 activa-
tion. ERK has been shown to activate DAPK1 kinase activity
through its Ser735 phosphorylation and to increase its apoptotic
ability (65). However, our results showed that DAPK1-induced
APP phosphorylation was not suppressed when ERK expression

was inhibited. Since ERK increased APP phosphorylation
with staurosporine treatment (61), we would not rule out
the possibility that ERK might promote APP Thr668 phosphor-
ylation through DAPK1 activation under stresses such as
staurosporine.

Figure 6. DAPK1 KO reduces the secretion of Ab40 and Ab42 in mouse models. (A) Whole brain lysates from WT and DAPK1 KO mice harvested at 6 month of age were

analyzed for the levels of phosphorylated (Thr668 and Tyr682) and total APP protein as well as DAPK1. Anti-actin antibody was used as a loading control. The blots are

representative of three independent experiments. Analyzed mice number: WT (n¼6, 3 male (M) and 3 female (F)), DAPK1 KO (3M, 3F). (B, C) Primary cortical neurons (B)

at DIV 8-10 of WT and DAPK1 KO mice and the brain hippocampal tissue slices (C) prepared from WT and DAPK1 KO mice at 6 month of age were cultured for 36 h.

Levels of mouse Ab40 in cell culture supernatants after 36 h incubation were determined by a solid phase sandwich ELISA assay. Each data point represents

mean 6 standard error of three independent experiments (*P<0.05; ANOVA/Dunnett’s test). (D) TBS-buffer soluble hippocampal tissue fraction from Tg2576/WT or

Tg2576/DAPK1 KO mice at 2 or 8 month of age was prepared. Levels of human Ab40 and Ab42 were determined by a solid phase sandwich ELISA assay. Each data point

represents mean 6 standard error of three independent experiments (*P<0.05; ANOVA/Dunnett’s test). Analyzed mice number, 2-month-old groups: Tg2576/WT (3M,

3F), Tg2576/DAPK1 KO (3M, 3F); 8-month-old groups: Tg2576/WT (3M, 3F), Tg2576/DAPK1 KO (3M, 3F). (E) TBS-buffer insoluble hippocampal tissue fraction from Tg2576/

WT or Tg2576/DAPK1 KO mice at 8 month of age was prepared. Levels of human Ab40 and Ab42 were determined by a solid phase sandwich ELISA assay. Each data

point represents mean 6 standard error of three independent experiments (*P<0.05; ANOVA/Dunnett’s test). Analyzed mice number: Tg2576/WT (3M, 3F), Tg2576/

DAPK1 KO (3M, 3F).
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APP can also be regulated by protein interactions, as well as
phosphorylation. Moreover, phosphorylation at Thr668 also re-
sults in significant conformational changes that may affect the
interaction of APP with its binding partners. Our immunoprecip-
itation assay clearly demonstrated that both DAPK1 and its ki-
nase-deficient mutant DAPK1K42A interact with APP, and that
the Swedish mutation of APP did not inhibit this interaction.
These results are in line with our findings that DAPK1 exerts its
effects on Ab secretion in both APPwt- and APPswe-overex-
pressing cells. These results suggest that DAPK1 might form a
complex with APP, Pin1 and APP Thr668 kinases including JNK3
or GSK-3b. This complex might increase the activity or the local
concentration of JNK3 or GSK-3b to promote APP Thr668 phos-
phorylation. The possible role of Thr668 phosphorylation in the
interaction between APP and DAPK1 needs to be further
investigated.

In order to validate our findings in vivo, we used Tg2576
mice, a well-established mouse model of an AD-like pathology
(29). We crossed DAPK1 KO with Tg2576 mice and investigated
the effects of DAPK1 KO on Ab accumulation in the brains of AD
mice. Our ELISA assay demonstrated that the production of
Ab40 and Ab42 in Tg2576 mouse brains decreased significantly
after DAPK1 KO in an age-dependent manner. Mechanistically,
APP Thr668 phosphorylation and APP processing to generate

sAPPb and CTFb were attenuated in Tg2576 mice with DAPK1
KO, suggesting that DAPK1 ablation exerts non-amyloidogenic
effects in vivo and has potential therapeutic value in AD.
Because increased Ab secretion promotes Ab pathology and
leads to memory loss, further studies should include whether
DAPK1 ablation would improve cognitive function and Ab

plaques.
Additionally, we introduced a selective DAPK1 inhibitor as a

promising approach to suppress Ab secretion. Given that the
DAPK1 pharmacological inhibitor significantly inhibited the se-
cretion of both Ab40 and Ab42 in various cell culture models in
our results, a DAPK1 inhibitor might offer promising options for
treatment of AD. To confirm this, more studies need to be con-
ducted to determine whether a DAPK1 inhibitor penetrates the
blood–brain barrier to inhibit Ab levels in the brain and/or res-
cue age-related cognitive decline in transgenic AD mice. These
trials may offer some encouragement for the clinical develop-
ment of a disease-modifying drug for AD.

In conclusion, our data suggest a model in which DAPK1 reg-
ulates the amyloidogenic APP processing pathway and the re-
sultant secretion of cytotoxic Ab40 and Ab42 via aberrant APP
phosphorylation at Thr668 (Supplementary Material, Fig. S6).
This study thus suggests that DAPK1 may be a therapeutic tar-
get for Ab deposition in AD pathology.

Figure 7. The effect of DAPK1 KO on APP processing in the Tg2576 APP transgenic mice. (A) APP processing in the brains of 8-month-old Tg2576/WT or Tg2576/DAPK1

KO mice was examined (3M, 3F). Total APP (G12A), sAPPa (6E10), sAPPb-swedish (IBL), APP-CTFa (G12A), APP-CTFb (G12A) and pThr668-APP were detected. (B)

Densitometric analysis of APP-CTFa, APP-CTFb, sAPPa, and sAPPb and ratios of CTFb:CTFa and sAPPb:sAPPa (*P<0.05; ANOVA/Dunnett’s test). (C) Densitometric analy-

sis of pThr668-APP. (*P<0.05; ANOVA/Dunnett’s test).
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Materials and Methods
Materials

CHX was purchased from Sigma and was used to inhibit protein
synthesis and assess protein stability of APP. H2O2 was obtained
from Sigma and was used as oxidant. Doxycycline and DAPI
were obtained from Sigma. DAPK1 inhibitor (4Z)-4-(3-
Pyridylmethylene)-2-styryl-oxazol-5-one and JNK inhibitor II
were obtained from Calbiochem and were used to specifically
inhibit the kinase activity of DAPK1 and JNK, respectively.

Brain samples

Whole brain tissues from WT and DAPK1 KO mice at 6 and 22
months of age and from WT/Tg2576 and DAPK1 KO/Tg2576
mice at 2 and 8 months of age were harvested. DAPK1 WT, KO
or Tg2576 mice were previously described (77,78). DAPK1-WT or
DAPK1-KO mice were maintained in pure C57B6 background.
Tg2576 or Tg2576/DAPK1-KO mice were maintained in C57BL/
6�SJL hybrid background. Tg2576 mice in C57BL/6�SJL F1 hy-
brid background were initially crossed with DAPK1 in KO mice
in C57BL/6 background to obtain Tg2576:DAPK1þ/� and control
non-transgenic:DAPK1þ/�. The mice analyzed for the study
were derived from the cross of Tg2576:DAPK1þ/� and non-
transgenic: DAPK1þ/� in order to maintain the hemizygosity
of Tg2576. Dissected mouse brains were snap frozen in

liquid nitrogen-cold isopentane and stored at �80 �C until use.
Mouse brain hemispheres were homogenized in TBS buffer con-
taining with protease inhibitor and phosphatase inhibitor cock-
tail. The half of lysates was resuspended in 3 volume of RIPA
buffer (1% NP40, 0.1% SDS and 0.5% Sodium deoxycholate in
TBS) for 10 min, followed by centrifugation at 13 000g for 10 min.
The RIPA-soluble fractions were used as total protein lysates in-
cluding both cytosolic and membrane proteins. The other
half of lysates was centrifuged at 100 000g for 1 h. Supernatant
was used for ‘soluble Aß’ measurements. Pellets were resus-
pended and further homogenized in 70% formic acid (equal
volume of TBS), followed by centrifugation at 100 000g for 1 h.
Formic acid supernatants were neutralized with 1 M Tris for ‘in-
soluble Aß’ analysis. Brain hippocampus tissues of human
Alzheimer’s patients and age-matched normal controls
were obtained from the Neuropathology Core of the
Massachusetts Alzheimers Disease Research Center (MADRC),
Massachusetts General Hospital (Boston, MA) and the Harvard
Brain Tissue Resource Center (HBTRC), Mclean Hospital
(Belmont, MA). Research was conducted in compliance with the
policies and principles contained in the Federal Policy for the
Protection for the Protection of Human subjects. Clinical infor-
mation of 12 AD patients and 12 controls are reported in
Supplementary Material, Table S1. Frozen brain samples were
thawed on ice and homogenized into about 5-volume of sucrose
lysis buffer by 10 up-and-down strokes in Potter-Elvehjem
homogenizer.

Figure 8. The expression of DAPK1, APP phosphorylation at Thr668, and Ab in the AD patient and normal brains. (A, B) Hippocampal tissues of 12 AD patients and 12

age-matched normal controls were harvested. (A) Proteins from normal and AD hippocampus were used for immunoblotting with anti-DAPK1, anti-pThr668-APP, anti-

Ab or anti-actin antibody. The blots are representative of three independent experiments. (B) Linear regression analysis was used to estimate the correlation between

DAPK1 expression and APP phosphorylation at Thr668 (r¼0.7508; Pearson’s correlation coefficient). (C) Immunohistochemistry using a monoclonal antibody specific

for DAPK1 or a polyclonal antibody specific for phosphorylated APP at Thr668 was conducted on hippocampal regions from AD patient and normal control.�100 (main

photographs);�400 (insets); scale bar¼50 lm. Representative images from five experiments are shown. (D) Quantitation of DAPK1 and pThr668 APP. Results shown are

mean 6 standard error (*P<0.05; ANOVA/Dunnett’s test).
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Cell culture

The human neuroglioma cell line H4; the human neuroblas-
toma cell line SH-SY5Y; the Chinese hamster ovary cell line
CHO; and rat pheochromocytoma cell line PC12 were obtained
from the American Type Culture Collection (ATCC). MEF cells
were isolated from mouse embryos between embryonic days
12.5 and 14.5. H4, SH-SY5Y, CHO and MEF cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) high-glucose sup-
plemented with 10% fetal bovine serum (FBS), 100 U/ml penicil-
lin and 100 mg/ml streptomycin (all from Gibco). PC12 cells were
cultured onto poly-L-lysine (Sigma)-coated plate in DMEM high-
glucose supplemented with 10% horse serum and 5% FBS, 100 U/
ml penicillin and 100 lg/ml streptomycin (all from Gibco). The
cultures were maintained at 37 �C under 5% CO2.

Plasmid transfection

The cDNA fragment encoding the human DAPK1 or DAPK1K42A

mutant (in which lysine 42 was replaced by alanine) or
DAPK1DCaM mutant (in which a Ca2þ/Calmodulin regulatory do-
main is deleted) was cloned into 50 end-Flag tagged and CMV
promoter-driven mammalian expression vector pRK5, as de-
scribed (54). Cells were transiently transfected with different
plasmids using Lipofectamine LTX and PLUS reagent
(Invitrogen) according to the manufacturer’s instruction.

Si-RNA transfection and lentiviral infection

For generating transient DAPK1 knockdown in SH-SY5Y cells
expressing WT human APP (SH-SY5Y APPwt) and APP with mu-
tations at positions K670N and M671L (Swedish) (SH-SY5Y
APPswe), three different DAPK1 si-RNAs were designed using
the best-in-class design algorithm developed by Rosetta and
were synthesized by Sigma. SH-SY5Y APPwt cells or SH-SY5Y
APPswe cells were transiently transfected with three different
si-RNAs against human DAPK1 or scrambled si-RNA using
LipofectamineTM RNAiMAX Reagent (Invitrogen) according to
the manufacturer’s instructions. For generating transient JNK1,
JNK2, JNK3, GSK-3b or ERK knockdown, SH-SY5Y cells were tran-
siently transfected with JNK1, JNK2, JNK3, GSK-3b, ERK1 or ERK2
si-RNAs or scrambled si-RNA using LipofectamineTM RNAiMAX
Reagent. The si-RNA target sequences were as follows: DAPK1-
#1, CAACTATGATGTTAACCAA; DAPK1-#2, GAGAATCGATGTCC
AGGAT; DAPK1-#3, GACATGAAGGTACTTCGAA, JNK1, ATAA
CAAATCCCTTGCCTGACTGGC; JNK2, AGTTGAGTCTGCCACTTG
TACACTG; JNK3, GATATATGGTCTGTGGGATGCATTA; GSK-3b,
CCCAAATGTCAAACTACCAAA; ERK1, CGCTACACGC AGTTGCA
GTACA; ERK2, TGTTCCCAAATGCTG ACTCCAA and scrambled
si-RNA, GATCATACGTGCGATCAGA. A scrambled si-RNA does
not match any human sequences in GeneBank search. For gen-
erating stable DAPK1 knockdown in SH-SY5Y, SH-SY5Y APPwt
and SH-SY5Y APPswe cells, DAPK1 sh-RNA clone which is con-
structed within lentiviral pLKO.1-Puro vector were transfected
together with VSV-G- and gag-pol-expressing plasmids into
293FT cells. Sixty hours after transfection, virus-containing su-
pernatants were used to infect SH-SY5Y, SH-SY5Y APPwt and
SH-SY5Y APPswe cells. A day after infection, the stable clones
were selected using 2 lg/ml puromycin. The target sequence of
DAPK1-specific sh-RNA used was GGTCAAGGATCCAAAGAAG.

Primary moue cortical neuronal cell culture

Primary mouse embryonic cortical neurons were prepared from
the cerebral cortices of embryonic day E15 WT and DAPK1 KO
anesthetized pregnant female C57BL/6 mouse according to the
established procedures described previously with minor modifi-
cations (54). After removal of the meninges outside the cortex,
freshly dissected cortical tissues were minced into �1–2 mm3

fragments and digested with 0.25% trypsin and 50 U/ml DNase1
(Sigma) for 15 min at 37 �C until tissue was thoroughly homoge-
nized. The tissue was then dispersed mechanically with a fire-
polished glass Pasteur pipette, and the cells were seeded at a
density of 8� 105 cells/ml on poly-D-lysine-coated dishes in
neurobasal medium supplemented with 2% B27 supplement,
0.5 mM glutamine and 1% penicillin–streptomycin (all from Life
Technologies) and cultured at 37 �C under 5% CO2. After 24 h of
adaptation, the culture medium was replaced with a neuro-
basal-A medium containing 2% B27 supplement, 0.5 mM gluta-
mine and 1% penicillin–streptomycin. All experiments were
performed at days in vitro (DIV) 8–10.

Organotypic brain slice preparation

Organotypic mouse brain slices were prepared according to the
method described previously with slight modifications (54).
Brain tissue was obtained from 6-month-old WT and DAPK1 KO
mice. Mice were anesthetized with isofluran (Baxter) and imme-
diately decapitated under sterile conditions. Removed brains
were immersed in ice-cold Krebs solution (126 mM NaCl, 2.5 mM

KCl, 1.2 mM NaH2PO4, 1.2 mM MgCl2, 2.5 mM CaCl2, 11 mM glu-
cose, 25 mM NaHCO3, 10 mM HEPES, pH 7.4). The cerebellum was
trimmed off and the caudal end of the brain was glued onto the
cutting table of vibratome (Leica VT1200). Brain tissues were cut
into coronal slices of 260 lm with amplitude of 1.5 and an oscil-
lation frequency of 90 Hz. Slices containing the hippocampus
were cultured onto semi-porous (0.4-lm pore diameter)
Millicell-CM membrane inserts (Millipore) in 6-well culture
plates with culture media. The insert was positioned to orient
the brain’s dorsal region the same way in each well.

Solid phase sandwich ELISA analysis of secreted Ab40
and Ab42

Ab secretion into the medium was determined using mouse
Ab40, mouse Ab42, human Ab40 and human Ab42 colorimetric
ELISA Kits (all from Invitrogen), following the manufacturer’s
instructions. The levels of mouse Ab40 and Ab42 in the TBS-in-
soluble fraction were measured using mouse Ab40 and mouse
Ab42 ELISA Kits, respectively. The samples diluted in the pro-
vided diluent buffer or standards containing aggregated Ab

along with biotinylated rabbit detecting antibody specific for the
C-terminus of Ab were incubated on plate well that was
pre-coated with a monoclonal capturing antibody specific for
the N-terminus of Ab. Samples were incubated for 3 h at room
temperature allowing the Ab to bind both capturing antibody
and detecting antibody. After washing the wells four times,
immobilized Ab in samples or standards were incubated with
horseradish peroxidase-labeled streptavidin for 30 min.
Stabilized chromogen 3,30,5,50-tetramethylbenzidine (TMB) was
added to produce a colorimetric solution. The TMB reaction was
terminated using stop solution and the optical density was
measured at 450 nm using a plate reader. The intensity of col-
ored product is directly proportioned to the concentration of Ab

in the samples. The concentrations of Ab40 or Ab42 were
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calculated using standard curves for Ab40 or Ab42 peptide by
comparing the sample’s absorbance with the absorbance of
known concentrations of a standard solution. The results were
expressed as percentage of control culture values for
comparison.

Immunoprecipitation assay for DAPK1–APP interaction

Polyclonal anti-Flag (Cell Signaling) and anti-APP (Millipore)
antibodies were used to immunoprecipitate transiently ex-
pressing Flag-DAPK1 (or Flag-DAPK1K42A) and stably expressing
APPwt (or APPswe), respectively, in CHO cells. Monoclonal anti-
DAPK1 (Sigma) and polyclonal anti-APP (Millipore) antibodies
were used to immunoprecipitate endogenous DAPK1 and APP,
respectively, in SH-SY5Y cells. Flags, APPs or DAPK1s were
immunoprecipitated from 500 lg of whole cell lysate via the
above antibodies. Cells were lysed in ice-cold lysis buffer (10 mM

Tris–HCl [pH7.4], 150 mM NaCl, 1% Nonidet P-40) supplemented
with protease inhibitor cocktail and lysates were incubated
with primary antibodies at 4 �C for 12 h and then with 15 ll of
protein A (for anti-Flag and anti-APP antibodies) or protein G
(for anti-DAPK1 antibody) sepharose slurry for additional 2 h.
Beads were washed four times with 1 ml of same lysis buffer.

Measurement of protein stability of APP

The half-life of APP protein was measured by incubating H4 and
SH-SY5Y cells with 75 lg/ml of CHX for the indicated time. The
relative protein levels were determined by immunoblotting and
densitometry analysis.

Immunoblot analysis

Immunoblotting analyses were performed to monitor APP pro-
cessing-related protein levels. Cellular lysates were prepared
using ice-cold lysis buffer (50 mM Tris–HCl (pH 7.4), 50 mM NaCl,
1 mM EGTA, 1% Triton X-100, 1 mM DTT) supplemented with pro-
tease inhibitor cocktail and phosphatase inhibitor cocktail.
Mouse and human brain extracts were prepared by homogeniz-
ing tissue in ice-cold lysis buffer [10 mM Tris–HCl (pH 7.4), 0.8 M

NaCl, 1 mM EGTA, 10% sucrose, 1 mM DTT] supplemented with
protease inhibitor cocktail and phosphatase inhibitor cocktail.
The soluble protein concentration was determined by Bradford
assay (Bio-Rad Laboratories). The Proteins (10 lg) were sepa-
rated by SDS–PAGE and electrotransferred onto PVDF mem-
branes (Perkin Elmer). The membranes were then blocked with
5% non-fat dry milk in TBS-T (0.1% Tween 20) and probed with
antibodies against the following molecules: Flag, DAPK1
(Sigma); APP (G12A: rabbit polyclonal antibody targeting last 20
amino acids residues of APP. Custom-manufactured by Pierce
Custom Antibodies); p-APP (Thr668), JNK1, JNK2, JNK2, p-JNK
(Thr183/Tyr185), GSK-3b, ERK, b-actin, a-tubulin (Cell Signaling
Technology); 6E10 (Covance); sAPPb-swedish (IBL), APP-CTFa/b
(G12A). Primary antibodies were detected using horseradish
peroxidase (HRP)-conjugated secondary antibodies and the
Western Lightning Plus-ECL (Perkin Elmer) or ECL Prime (GE
Healthcare Life Sciences) chemiluminescence system.

Immunohistochemistry and immunostaining analyses

For immunohistochemical analysis of human brain tissues, im-
mersion-fixed tissue (hippocampus) sections were embedded in
paraffin. Coronal tissue sections were deparaffinized with

xylene, rehydrated with descending grade of ethanol and incu-
bated with 3% H2O2/PBS to quench the endogenous peroxidase
activity. After antigen retrieval, sections were incubated in PBS
blocking buffer with 5% horse serum, 5% bovine serum albumin
and 0.1% v/v Tween 20. Primary antibodies were added in block-
ing buffer and incubated with sections overnight at 4 �C.
Secondary antibody was biotinylated goat-anti-rabbit or -mouse
IgG. Sections were processed with ABC reagents by using a
Vector ABC kit (Vector Laboratories). After washing, the HRP re-
action was detected with diaminobenzidine and H2O2. For im-
munofluorescent analysis, the slides were fixed in methanol
and blocked with 7% serum in PBS for 1 h at room temperature,
followed by incubation with anti-Flag and anti-APP at 1:1000 di-
lution overnight at 4 �C. After extensive wash with PBS, slides
were incubated with Alexa488-labeled anti-mouse IgG and
Alexa546-labeled anti-Rabbit IgG (Invitrogen) diluted 1:200 for
2 h at room temperature. After washing with PBS, the nuclei
were stained with DAPI for 10 min at room temperature.

Statistical analysis

Statistical analyses were performed using the SAS 8.1 statistical
analysis program for Windows (SAS Institute). One-way ANOVA
followed by the Dunnett post-test was used to assess the signifi-
cant differences between the groups. The Pearson correlation
coefficient was used to assess the significant correlation be-
tween DAPK1 and APP Thr668 phosphorylation levels. The data
are expressed as mean 6 standard error and significance was
set at P< 0.05.

Study approval

The biosafety guidelines set by Beth Israel Deaconess Medical
Center’s Institutional Animal Care and Use Committee were ap-
plied to all research carried out in this study in accordance with
the Association for Assessment and Accreditation of Laboratory
Animal Care International regulations.
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