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Abstract

1,2,3,4,5,6

Alzheimer’s disease (AD) is the most common neurodegenerative disease and seriously damages the health of elderly population.
Clinical drug research targeting at classic pathology hallmarks, such as amyloid-f3 (Af3) and tau protein, failed to achieve
effective cognitive improvement, suggesting that the pathogenesis of AD is much complicated, and there are still other unknown
and undetermined important factors. Death-associated protein kinase 1 (DAPK1) is a calcium/calmodulin-dependent serine/
threonine kinase that plays an important role in various neuronal injury models. Mounting evidence has demonstrated that
DAPK] variants are associated with AD risk. The activation of DAPK1 is also involved in AD-related neurodegeneration in
the brain. Exploring the roles of DAPKI in AD might help us understand the pathogenic mechanisms and find a novel promising
therapeutic target in AD. Therefore, in this review, we comprehensively summary the main progress of DAPK1 in the AD studies
from genetic risk, neuropathological process, and clinical potential implications.
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Introduction

Alzheimer’s disease (AD) is the most common neurodegener-
ative disorder leading to dementia. It is estimated that about 40
million people around the world, mostly older than 60 years
old, are suffering from this disease [1]. Rapid increase of AD
prevalence is a challenge to public health and also brings huge
social and economic burdens worldwide [1-4]. The past
30 years of AD research have demonstrated that AD is
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neuropathologically characterized by the accumulation of
amyloid-f (Af) plaques and of hyperphosphorylated tau con-
taining neurofibrillary tangles (NFTs). These neuropathologi-
cal alterations are related to neurodegenerative processes in
AD [1, 5]. This classical A3 hypothesis has influenced drug
discovery and development for AD more than 20 years. But
there are no successful therapeutic drugs to reach the desired
therapeutic effects. The incomplete understanding of com-
plexity and multicausality of AD may account for this predic-
ament. Many researchers propose that there may be other key
factors in the etiology and progression of AD still unknown
[1, 5-7].

Death-associated protein kinase 1 (DAPKI1) belongs to
DAPK protein family. DAPKI1 is a calcium/calmodulin
(Ca®*/CaM)-dependent serine/threonine kinase and is respon-
sible for several types of cell death, including apoptosis and
autophagy [8, 9]. DAPK1 is composed of 1430 amino acids.
From N-terminal to C-terminal, the protein structure of
DAPKI contains catalytic domain, Ca**/CaM binding do-
main, ankyrin repeats, cytoskeletal binding region, a death
domain, and a serine-rich tail in sequence (see Fig. 1).
DAPKI1 is abundantly expressed in the brain, especially in
the cerebral cortex, and is related to many neurological dis-
eases, such as stroke, depression, and AD. The activation of
DAPK1 is regulated by autophosphorylation of Ser308 within
its Ca**/CaM binding domain; once DAPK1 is dephosphory-
lated from the phosphorylated physiological status, it becomes
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Fig. 1T Summary of the key domains of DAPKI1 and their roles in the
pathogenesis of AD. DAPK1 is mainly comprised of catalytic domain,
ankyrin repeats, cytoskeletal binding region, and death domain. The

activated [10, 11](Fig. 1). DAPK1 is a key mediator of cell
death and is also involved in neuronal and synaptic damage in
central nervous system (CNS).

Studies on DAPK variants and DAPK1 protein in AD are
increasing in recent years, while there are still many uncertain
issues in understanding the susceptibility and pathogenicity of
DAPKI1 in AD. Here, we reviewed the recent findings of
DAPKI1 from genetics, neuropathology to clinical treatment,
in AD-related studies. The purpose of the review is to help us
better understand the important roles of DAPK1 in AD.

DAPK1 Variant and the Risk of AD

AD is highly heritable, and has complex genetic architecture,
which makes its genetic analysis difficult [1, 3—-5]. DAPK1 is
highly expressed in the brains of AD patients and AD animal
models, and its genetic variants are also associated with AD.
DAPK1 gene is located in chromosome 9 in human. Li et al.
firstly reported DAPK variants are associated with late-onset
Alzheimer’s disease (LOAD) in 2006 [12]. They found that
the two single nucleotide polymorphisms (SNPs) of DAPKI,
154878104 and rs4877365, were significantly associated with
LOAD. Even the two SNPs are located within an intron of
DAPK1; DAPK] transcript shows significant differences in
allelic expression. This indicates that the two SNPs might
possess the potential to directly or indirectly modulate the
kinase activity of DAPKI1. Thereafter, researchers carried
out a lot of studies on the association between DAPKI poly-
morphisms and AD in different populations. In 2009, Schjeide
et al. reported that the DAPK] rs4878104 in Caucasian pop-
ulation is a significant association with AD risk in the case-

potential biological roles of different domains of DAPK1 in the AD-
related pathogenesis and synaptic damages are also depicted in this figure

control (AlzGene) meta-analyses [13]. In 2010, Laumet et al.
showed that DAPKI rs4878104 and rs4877365 are a weak
nominal association with AD risk in French population [14].
In 2011, Wu et al. examined the genetic variations of DAPK
154877365 and DAPKI rs4878104 in Chinese LOAD pa-
tients. There are significant differences in genotype and allele
frequencies of DAPKI rs4878104 but not of DAPKI
rs4877365 between LOAD patients and controls, and the
“C” allele of rs4878104 worked as a protective factor of
LOAD in the Han Chinese [15]. The studies on association
of DAPK variants with AD were summarized and described
in Table 1.

However, there are also some negative results on DAPK/
variants in AD [13, 16, 17]. In 2009, Minster et al. examined
the two SNPs 54878104 and rs4877365 in DAPK 1 in alarge
case-control cohort of Caucasian Americans LOAD sub-
jects, and did not detect any association with AD for the
two variations [17]. Tedde et al. examined the genotype
and allele distributions of 754878104 and rs4877365 in 681
Italian subjects, including patients with LOAD and
frontotemporal dementia (FTD). They did not find the asso-
ciation with LOAD, but a positive association between
rs4878104 and FTD. In Schjeide et al. study, they also did
not find DAPK I variation associated with AD risk in family-
based samples in Caucasian population [13]. Recently, Hu et
al. carried a meta-analysis [17] to figure out the potential
association between rs4878104 and AD. They found that
rs4878104 is significantly associated with AD risk in
American population or Chinese population in subgroup
analysis, but not in pooled population. They also found
rs4878104 T allele could significantly regulate the increase
of DAPK1 expression in the European population [18].
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Table 1 Summary of the articles on the association between DAPK1 variants and AD
Title Author Year  Journal Variant Subjects/ Association(z)
population
DAPKI1 variants are associated with Lietal. 2006 Hum Mol Genet  rs4878104 LOAD/Caucasian rs4878104/+
Alzheimer’s disease and allele-specific ex- rs4877365 rs4877365/+
pression.
No association of DAPK1 and ABCA2 SNPs Minster etal. 2009  Neurobiol Aging  rs4878104 LOAD/Caucasian rs4878104/—
on chromosome 9 with Alzheimer’s disease 154877365 Americans 4877365/~
Assessment of Alzheimer’s disease case-control ~ Schjeide et al. 2009  Neurogenetics rs4878104  FAD/Caucasian rs4878104/—
associations using family-based methods. rs4877365/—
Systematic analysis of candidate genes for Laumetetal. 2010 J Alzheimers Dis  rs4878104 LOAD/French rs4878104/+
Alzheimer’s disease in a French, rs4877365 Caucasian rs4877365/—
genome-wide association study
Association of DAPK1 genetic variations with ~ Wu et al. 2011  Brain Res 154878104  LOAD/Chinese 1s4878104/+
Alzheimer’s disease in Han Chinese 14877365 1s4877365/—
DAPKI is associated with FTD and not with Tedde et al. 2012 J Alzheimers Dis  1s4878104  LOAD and LOAD
Alzheimer’s disease. rs4877365 FTD/Italian 4878104/~
154877365/~
FTD
1s4878104/+

LOAD late-onset Alzheimer’s disease, FAD familial Alzheimer’s disease, F7D frontotemporal dementia

As to the inconsistent findings, we speculate that there may
be two important reasons that cause the variations. Firstly, the
two common SNPs in DAPK are both located in the intron,
so the functional effects and their phenotypic consequences
are complicated to predict. Secondly, the ethnicity can partly
account for the inconsistent findings in different population.
However, the association between DAPKI gene polymor-
phisms and AD cannot be ignored; there are more studies have
demonstrated that DAPK1 protein level and kinase activity in
AD patients and animal models were obviously elevated.

DAPK1 and Classical AD Pathology

It is well known that the characterized pathologies of AD are
the extracellular senile plaques and the intracellular neurofi-
brillary tangles, and most AD studies are based on this theory.
The amyloid-f3 (Af3) is the major component of plaques, and
hyperphosphorylated microtubule-associated tau is the major
protein component of the tangles. Recent studies have con-
firmed that DAPK1 is involved in the pathological changes of
Ap and tau. Hainsworth et al. firstly reported that DAPK1 is
markedly seen in somata, nuclei, and dendrites of large corti-
cal neurons in the brain. The DAPK1 level in the frontal cor-
tex is higher in severe LOAD cases than that in control aged
human [19]. They also detected the difference in the DAPK1
level in the frontal cortex between aged (16—21 months)
Tg2576 mice (a transgenic mouse model overexpressing a
mutant form of APP, APPK670/671L) and their wild-type lit-
termate controls, but no difference was found [19]. Shu et al.
[20] detected the DAPK1 level and activity in the early stage
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of AD animal model. They found that DAPK1 is involved in
the neurodegenerative changes of AD-related brain region in
the early stage of AD. In their study, DAPKI1 is selectively
activated in excitatory pyramidal neurons, a one of the most
vulnerable and the earliest affected brain cells, in the entorhi-
nal cortical layer Il region (EClIpy) in AD mice. And selective
inhibition of DAPK1 can protect against the impairment in the
ECIlIpy synaptic transmission and function, rescue spines loss,
and improve spatial learning and memory in AD mice [20].

Interestingly, DAPK1 is also contributed to the production
of A3 via the amyloidogenic processing [21], and previous
studies have reported that DAPK/ variants are significantly
associated with the A3 levels in cerebrospinal fluid (CSF)
[22]. Overexpression of DAPK1 significantly increases Af3
secretion, and inhibition of DAPK1 can decrease A[340 and
A 42 secretion in cultured cells. As to the mechanisms un-
derlying DAPK1 promoting the amyloidogenic processing,
DAPKI can directly interact with APP and phosphorylate
APP at the Thr668 site. Downregulation of DAPK1 expres-
sion or inhibition of DAPK1 can remarkably reduce the phos-
phorylation of APP at Thr668 and the secretion of A340 and
AP42 in cultured cells and Tg2576 mice [21].

These evidences indicate that DAPK1 plays a critical role in
the pathogenesis and progression of AD through involvement
in the neurotoxicity of A3 and regulating A3 production.
However, some new puzzles need further exploration. Such
as, which of A3 and DAPKI is the initiating factor? How
DAPKI is involved in the pathological process of AD? Is there
a complicated feedback loop between DAPK1 and A3?

In addition to affecting the production of A3, DAPKI is
also involved in the pathological changes of tau protein.
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DAPKI is elevated in the hippocampus and cortex in the 4 Tau
transgenic mice [23], and DAPKI1 can directly affect tau pro-
tein stability via phosphorylation of multiple AD-related sites
of tau in vitro and in vivo, including Thr231, Ser262, and
Ser396 [10, 23-25]. The phosphorylation of tau can be in-
duced through direct interaction between DAPK1 and tau
[23, 24] or through some key kinases activated by the catalytic
domain or death domain of DAPKI1, such as Pinl and
MARKI1/2 [25, 26] (Fig. 1). The pathological effects of
DAPKI on tau protein mainly include microtubule assembly,
neuronal apoptosis, spine damages, etc. Overexpression of
DAPKI1 can significantly increase tau phosphorylation at the
AD-related sites, which lead to degeneration of synaptic trans-
mission. While inhibition of DAPK1 can effectively increase
the microtubule assembly and promote the neurite outgrowth
and axonal formation [20, 24-26]. Interestingly,
hyperphosphorylation of tau by DAPKI1 can in turn inhibit
proapoptotic process of DAPK1 [23]. These intriguing find-
ings may be explained as the hyperphosphorylation of tau in
the early phase of AD may have protective effects against
DAPK1-induced cell damage and loss in the brain.

These evidences indicate that DAPK1 plays a critical role
in the state of tau protein and its function in the degenerative
progress of AD. However, the interesting interaction between
DAPKI and tau still need more studies in the future. We
summarize the specific location of DAPK1 protein and

Phosphorylation by
DAPKI1 through direct

potential signals involve in classical pathology of AD in
Fig. 1 and Fig. 2.

DAPK1 and Neuronal and Synaptic
Dysfunction

Neurons and synapses are the two most important structures in
the brain, and their biological roles are closely related to the
memory and other cognitive function. As neuronal loss and syn-
aptic damage are essential events in AD progression and even-
tually leads to cognitive impairment and even dementia, and the
critical roles and mechanisms of DAPK1 in neuronal cell death
and synaptic damage have been substantiated in many studies.
The symptoms of AD begin with early alterations of syn-
aptic plasticity and efficacy prior to neuronal degeneration,
and that the synaptic dysfunction may be caused by multiple
factors [27]. Long-term potentiation (LTP) and long-term de-
pression (LTD) are the two opposing forms of synaptic plas-
ticity underlying learning, memory, and other cognition [28].
DAPKI1 has been reported to involve in LTP and LTD
[29-31]. LTP and LTD inductions require activation of N-
methyl-D-aspartate receptors (NMDARs), which triggers a
signaling cascade that induces the alterations of postsynaptic
protein and trafficking or endocytosis of related receptors [32,
33]. NMDARs are the predominant receptors for controlling

interaction with Q“oy
DAPK1 < 5.
p-Tau at multiple 2 e
AD-related sites Tau DAPK1 1 % g,
(Thr231, Ser262, G

and Ser396)

Phosphorylation by
DAPKI1 through Pinl,
MARK2,etc.

Syntaxin-1A, ERK, GluN2B,

NDRG?2, p53, etc.

Neuronal cell death

|

Spines loss

Synaptic dysfunction

Cognition and memory impairment

Fig. 2 DAPKI involved in the potential mechanisms of AD-related pa-
thology and cognition impairment. Endogenous or exogenous Af3 can
upregulate DAPK1 expression and its activity, in turn DAPK1 can pro-
mote the amyloidogenic processing of APP and increase A3 production
through phosphorylation of APP at Thr668. DAPK1 can directly interact
to and phosphorylate tau or indirectly phosphorylate tau through

activation of other molecules (Pinl, MARK2, etc.). DAPK1, through
interaction with ERK, GIuN2B, syntaxin-1A, NDRG2, p53, etc., also
may engage in neuronal cell death, spines loss, and synaptic dysfunction.
The progress of neurodegeneration will further exacerbate the cognition
and memory impairment
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synaptic plasticity and memory function [34]. Most NMDARs
are comprised of the two structural GIuN1 subunits and two
regulatory GluN2 subunits. GluN2A- and GluN2B-
containing NMDARs are considered the major isoforms of
functional NMDARs in CNS neurons [35-38]. DAPK1 af-
fects the synaptic plasticity mainly through binding to
extrasynaptic GluN2B-containing NMDARs. The DAPK1
binding to extrasynaptic GluN2B subunit at a site overlapping
the Ca®*/CaM-dependent protein kinase II-a (CaMKIIx)
binding site which phosphorylate GluN2B subunit at the
S1303 site [29-31, 39, 40]. DAPK1 and CaMKII are both
CaM kinases and bind to the GluN2B subunit at Ser1303.
Hence, researchers speculate that DAPK1 and CaMKIlax
might compete for binding to this same region on GluN2B
subunit. CaMKII plays an essential role for LTP; DAPKI
mediates the suppression of CaMKIIa/GIuN2B binding and
competition for binding to GIuN2B subunit during LTD [29].

DAPKI1 is involved in the modulation of neuronal and syn-
aptic function through modulating the expression of synapse-
related proteins and neurotrophic pathway. DAPK1 plays an
important role in regulating synaptic transmission [41].
DAPKI can directly bind to syntaxin-1A and phosphorylate
syntaxin-1A at Ser188 site via its C-terminal domains, and
then the interaction between syntaxin-1A and muncl8-1 is
decreased. Muncl8-1 is a protein that modulates the synaptic
vesicles docking/priming process and is important for synaptic
transmission [41]. Extracellular signal-regulated kinase (ERK)
is a key molecule in DAPKI1 signaling, and DAPK1 can di-
rectly interact with ERK through a docking sequence within its
death domain and ERK also function as an upstream to activate
DAPKI1 by phosphorylating DAPK1 at Ser735 [38, 42].
Further, DAPK1 interaction with ERK can promote the cyto-
plasmic retention of ERK and inhibits ERK nuclear transloca-
tion, which contributes to neuronal apoptosis [43]. As known,
BDNF is an important neurotrophic factor in CNS and plays a
crucial role in modulating neuronal and synaptic function, and
BDNEF is associated with many CNS disease, such as AD,
depression, etc. [44—50]. When DAPKI1 is activated under
some pathological conditions in the brain, the CREB-BDNF
signaling is significantly downregulated and synaptic proteins
are also deficit. On the contrary, when DAPK1 is inhibited or
knocked down, the downregulation of neurotrophic process
can be rescued in the brain [31, 36, 38, 40].

DAPKI is also involved in the neuronal dysfunction
through neuronal death process [10, 23, 24, 51, 52]. Under
some pathological conditions like ischemia insults, DAPK1 is
activated during ischemic injuries, then catalyzes and phos-
phorylates p53 at serine-23 (pS**) via a direct binding of
DAPKI1 death domain (DAPK1DD) to the DNA binding mo-
tif of p53 (p53DM). The functional forms of pS** mediate
apoptotic neuronal death in mouse cortical neurons and induce
the expression of proapoptotic genes in the nucleus. In con-
trast, inhibition of DAPK 1 or blocking interaction of DAPK1-
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p53 effectively inhibits neuronal death and loss [10, 51, 52].
N-myc downstream-regulated gene 2 (NDRG2) has been
demonstrated as a novel substrate of DAPK 1, and NDRG2
can be phosphorylated at Ser350 by DAPK1. The phosphor-
ylated NDRG2 and DAPKI1 levels in the hippocampus are
significantly increased in AD patients and in AD transgenic
mice [53]. And interaction between DAPK1 and NDRG?2 re-
sults in the increase of NDRG2-derived neuronal cell death
through caspase-dependent pathway. In contrast, inhibition of
DAPKI1 can effectively reduce phosphorylation of NDRG2 at
Ser350 and rescue neuronal cell death and loss.

Additionally, recent studies have also demonstrated that
DAPKI1 can directly interact with tau protein and phosphory-
late tau protein at Ser262 (pS**?). Eventually, DAPK1 causes
synaptic damage and neuronal death via the formation of in-
dissoluble tau and accumulation in the dendritic spines in
cortical neurons of stroke mice. On the contrary, deletion of
DAPKI kinase domain or interrupting the interaction between
DAPKI and tau distinctly reduced ischemia-induced spine
loss and the impairment of synaptic plasticity [10, 24].

The potential mechanisms underlying DAPK1 signals in
the AD-related neuronal and synaptic dysfunction and cogni-
tion impairment are summarized in Fig. 1 and Fig. 2.
Deepening study on DAPK1, synaptic plasticity and their
function will help us better understand the important role of
DAPKI in learning and memory process.

DAPK1 and Potential Biomarker or Treatment
Target?

DAPK1 is involved in many CNS diseases, including stroke,
depression, and AD. Manipulations of DAPK1 have shown
significant neuroprotective effects in preclinical studies. This
makes DAPK1 possess huge potential for clinical diagnosis
and treatment.

DAPK] rs4878104 and rs4877365 are associated with AD
risk. Individuals who carry the risk variants might be at high
risk of AD, and these high-risk individuals should be given
extra attention in clinic, including early prevention and diag-
nosis. A number of studies have demonstrated that DAPK1 is
consecutively expressed in the brain in healthy aged subjects
and AD patients, especially highly expressed in the latter [19,
53]. Because these findings are all resulted from the postmor-
tem of AD patients, DAPK 1 expression in the brain cannot be
easily detected in living aged subjects or AD patients clinical-
ly. Other studies have demonstrated that DAPK1 can be a
potential peripheral biomarker in diagnosis of some cancers,
leukemia, and other conditions. However, there is no evidence
that DAPK1 in the peripheral blood can be used as an early
diagnostic indicator of AD. Whether DAPK1 can be used as
an early diagnostic indicator for prevention and intervention
of AD need further investigation in the future.
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Based on the preclinical studies we referred above, DAPK1
is associated with the impairment of performance of cognition
and memory [54], and intervention of DAPK 1 exhibits signif-
icant neuroprotective roles in tau phosphorylation, A3 pro-
duction, and synapse loss. Therefore, there are some reasons
to suggest that DAPK 1 may be a potential target for AD treat-
ment: (1) DAPKI is highly expressed in the brain of AD
patients, especially in the brain areas closely related to mem-
ory and cognition, such as hippocampus and cortex; (2)
DAPKI1 is involved in the amyloidogenic process of APP
and Af-induced toxicity; (3) DAPK1 can phosphorylate tau
at multiple AD-related sites through direct or indirect interac-
tion with tau protein; (4) DAPKI1 is involved in degenerative
changes of synapses in the early stage of AD, and the neuronal
loss and death in the late stage of AD. Hence, the intervention
targeting to DAPK1 might effectively delay the development
of AD and improve the conditions of AD.

Conclusion and Future Directions

In this review, we mainly summarize the recent literatures on
DAPKI variants and DAPK1 signals in AD, and mounting
evidences have confirmed that DAPK1 plays a crucial role in
the development of AD. On the other side, inhibition of
DAPKI1 can improve AD-related pathological changes and
exhibit significant protective effects in AD models.
However, there are still many unsolved issues in the roles of
DAPKI in AD. These issues are including (1) the causative
relationship between DAPK1 and the key pathological hall-
marks of AD; (2) the dynamic changes in the expression and
activity of DAPK1 in pathogenesis of AD; (3) the association
between DAPKI1 and the other important factors of AD path-
ological changes, such as oxidative stress reaction, immune
inflammation, etc.; and (4) the potential role of DAPK1 in
early diagnosis and early intervention in AD. This review
may provide new insights into a better understanding of the
etiology and pathogenesis of AD. In conclusion, we hold the
opinion that DAPK1 may be a promising target for interven-
tion and treatment for AD.
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