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Abstract: Background: Death-Associated Protein Kinase 1 (DAPK1) plays an important role in apop-
tosis, tumor suppression and neurodegeneration including Alzheimer’s Disease (AD). 

Objective: This review will describe the diverse roles of DAPK1 in the development of cancer and AD, 
and the current status of drug development targeting DAPK1-based therapies. 

Methods: Reports of DAPK1 regulation, function and substrates were analyzed using genetic DAPK1 
manipulation and chemical DAPK1 modulators. 

Results: DAPK1 expression and activity are deregulated in cancer and AD. It is down-regulated and/or 
inactivated by multiple mechanisms in many human cancers, and elicits a protective effect to counteract 
numerous death stimuli in cancer, including activation of the master regulator Pin1. Moreover, loss of 
DAPK1 expression has correlated strongly with tumor recurrence and metastasis, suggesting that lack of 
sufficient functional DAPK1 might contribute to cancer. In contrast, DAPK1 is highly expressed in the 
brains of most human AD patients and has been identified as one of the genetic factors affecting suscep-
tibility to late-onset AD. The absence of DAPK1 promotes efficient learning and better memory in mice 
and prevents the development of AD by acting on many key proteins including Pin1 and its downstream 
targets tau and APP. Recent patents show that DAPK1 modulation might be used to treat both cancer 
and AD.  

Conclusion: DAPK1 plays a critical role in diverse physiological processes and importantly, its 
deregulation is implicated in the pathogenesis of either cancer or AD. Therefore, manipulating DAPK1 
activity and/or expression may be a promising therapeutic option for cancer or AD. 

Keywords: Alzheimer’s Disease (AD), apoptosis, cancer, Death-Associated Protein Kinase 1 (DAPK1), kinase modulator, 
phosphorylation, therapeutic target.  

1. INTRODUCTION 

Phosphorylation of proteins on their Serine (Ser) or 
Threonine (Thr) residues plays important roles in controlling 
many diverse cellular processes under various conditions and 
its deregulation contributes to human pathological condi-
tions, notably cancer and Alzheimer’s Disease (AD) [1-3]. In 
fact, many oncogenes and tumor suppressors are directly 
regulated by Ser/Thr phosphorylation and/or can trigger sig-
naling pathways involving Ser/Thr phosphorylation [1, 2]. 
Moreover, Ser/Thr phosphorylation regulates cell survival by 
affecting many downstream events, such as coordination of 
apoptosis and autophagy, and its deregulation can result in  
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resisting cell death in cancer or abnormal neuronal loss in 
AD [4, 5]. Another interesting feature is increased phos-
phorylation of certain proteins on their Ser/Thr motifs in 
degenerating neurons of AD brains [6-10]. Furthermore, 
many cell cycle-dependent kinases and stress-activated 
kinases are shown to be activated in AD brains [6-10]. In 
addition, a number of epidemiologic studies suggest that 
patients who develop neurodegenerative disease have a de-
creased risk of cancer [11-13]. This implies that two distinct 
diseases may have common signaling pathways that are de-
regulated in different directions.  

Death-Associated Protein Kinase 1 (DAPK1) was first 
identified by a functional cloning strategy based on its in-
volvement in interferon-γ induced apoptosis [14, 15]. 
DAPK1 is a 160 kDa calcium/calmodulin-regulated Ser/Thr 
kinase that mediates apoptosis induced by various stimuli 
[14]. Subsequent studies have shown that DAPK1 activation 
and/or overexpression promotes caspase-dependent or -
independent apoptosis, autophagy, necrosis, and anoikis-like 
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cell death [5, 14, 16, 17]. In addition to a pro-cell-death role, 
DAPK1 plays important roles in cell growth, tumorigenesis, 
inflammation, and neurodegeneration [14, 18-22]. These 
functions are coordinated with interactions between DAPK1 
and its binding partners and/or DAPK1-mediated phosphory-
lation of target substrates. Furthermore, the findings of the 
opposite effects of DAPK1 in cancer and AD have been sup-
ported by epidemiological and genetic association studies 
[13, 23-29]. This review will focus on the role of DAPK1 in 
cancer and AD although DAPK1 plays important functions 
in apoptosis, autophagy and other neurological diseases. Re-
cent reviews provide an up-to-date overview of the role of 
DAPK1 in apoptosis, autophagy, and DAPK1-related dis-
eases, and present an in-depth discussion of DAPK1 regula-
tion in various neurological disorders [30, 31]. Therefore, the 
broad aspects of DAPK1 will not be focused in this review. 
In addition, not all DAPK1 functions and its related diseases 
can be covered in a single review. Instead, this review pro-
vides a major impact of DAPK1 deregulation on cancer and 
AD development, discusses the development of DAPK1 ac-
tivators and inhibitors on diseases, and summarizes recently 
selected patents and therapeutic interventions targeting 
DAPK1.  

2. DAPK1 STRUCTURE  

DAPK1 is one of five human DAPK family members in-
cluding DAPK1-Related Protein 1 (DRP-1 or DAPK2), Zip-
per-Interacting Protein Kinase (ZIPK or DAPK3), DAPK1-
Related Apoptosis-Inducing Protein Kinase 1 (DRAK1), and 
DRAK2 (Fig. 1) [14, 16, 31]. Although DAPK family mem-
bers share common functions such as cell death due to their 
homologous catalytic domain, each DAPK family member 
has different cellular localization and distinct functions be-
cause they have different extra-catalytic domains [16]. 
DAPK1 contains multiple distinct domains such as an N-
terminal kinase domain, a calcium/calmodulin (Ca2+ / CaM)-
regulatory domain, eight ankyrin repeats, two putative P-
loops, a Ras of Complex (ROC) domain, a C-terminal of 
ROC (COR) domain, a Death Domain (DD), and a C-
terminal serine-rich tail [16]. Each DAPK1 domain plays a 
unique role in its catalytic activity, localization, stability, and 
interaction with its substrates or binding partners. The cata-
lytic domain of DAPK1 (residues 13-267) consists of 11 
subdomains and is highly conserved with all other DAPK 
family members [32-34]. A lysine residue (Lys42) is a part 
of the ATP binding site and mediates the DAPK1 kinase 
activity [34]. Mutation of this lysine to an alanine residue 
abolished DAPK1 catalytic activity and function [14, 34]. 
The Ca2+ / CaM-autoregulatory domain (residues 278-320) is 
critical for regulating DAPK1 activity in two ways [14, 16]. 
Ca2+-activated CaM binding to the autoregulatory/CaM bind-
ing domain pulls it out from the catalytic cleft and enables 
substrate phosphorylation [16, 35]. The autophosphorylation 
of Ser308 of DAPK1 stabilizes the contact of the autoregula-
tory domain and the catalytic cleft and decreases the affinity 
for CaM, thereby inhibiting the catalytic activity of DAPK1 
[36, 37]. A deletional mutation of the CaM binding domain 
has a constitutive activation effect on its kinase activity. The 
phosphatase(s) responsible for the dephosphorylation of 
Ser308 have long been studied, and PP2A phosphatase has 
been identified as a strong candidate [38-40]. The phospha-

tases dephosphorylating DAPK1 at Ser308 might be tissue- 
or stress-specific under different cellular conditions. For ex-
ample, Ca2+ activated calcineurin has been identified as an-
other Ser308 phosphatase in response to ischemic insults in 
the brain [41]. More work needs to be done to fully identify 
phosphatases in different tissues. DAPK1 contains eight an-
kyrin repeats (residues 365-629) that mediate actin localiza-
tion, interact with other proteins, and are implicated in 
DAPK1 degradation via the ubiquitin-proteasome pathway 
[35, 42-44]. The ROC-COR domain (residues 667-1,288) 
was previously identified as a cytoskeleton localization re-
gion binding to actin microfilaments [38]. DAPK1 is associ-
ated with GTP with a P-loop motif and mediates GTP hy-
drolysis in the ROC domain [38]. GTP binding inhibits 
DAPK1 activity and function by promoting Ser308 phos-
phorylation independent of PP2A phosphatase [39]. This 
domain also mediates protein-protein interactions that are im-
portant functions of cancer and AD such as Peptidyl-Prolyl 
Cis-Trans Isomerase (PPIase), Pin1 and N-Myc Downstream-
Regulated Gene 2 (NDRG2) [45-47]. The death domain (resi-
dues 1,312-1,396) mediates most DAPK1-interacting proteins 
that promote apoptosis or mediate other functions through 
interacting with different proteins including Fas, Tumor Ne-
crosis Factor Receptor (TNFR), TNFR-Associated Death Do-
main (TRADD), Fas Associated Death Domain (FADD), Tu-
berous Sclerosis Complex 2 (TSC2), UNC5H2, Kelch-Like 
Protein 20 (KLHL20), Mitogen-Activated Protein Kinase 1/2 
(MARK1/2), Extracellular Signal-Regulated Kinase (ERK), 
Pyruvate Kinase Isoenzyme M2 (PKM2), and Amyloid Pre-
cursor Protein (APP) [14, 16, 22, 48-54]. Finally, a C-terminal 
serine-rich tail contains 17 serine amino acids and regulates 
DAPK1 function without affecting its kinase activity, pre-
sumably by protein-protein interaction [43]. Although many 
crystal structures of DAPK1 were reported to date, none of 
them include the three-dimensional structure of full-length 
DAPK1. This information is critical for understanding the 
molecular mechanisms of DAPK1 function and designing 
drugs targeting DAPK1 to treat disease.  

3. DAPK1 IN CANCER 
Cancer is one of the leading causes of death worldwide. 

Currently, chemotherapeutics is the most commonly used 
treatment option for cancer patients. However, one of the 
major obstacles for successful cancer therapy using these 
chemotherapeutics is that patients often do not respond or 
later develop resistance to this chemotherapeutics after pri-
mary therapy [55]. Among the many reasons for drug resis-
tance, loss or inactivation of tumor suppressor pathways is a 
major one. Tumor suppressor genes are frequently deregu-
lated by mutations or epigenetic modifications in drug-
resistant cancer and are also responsible for the initiation and 
progression of cancer, thereby composing an essential class 
of signaling molecules within the cell [56]. In addition to its 
death-promoting activity, a large number of studies indicate 
that DAPK1 plays an important role in tumor suppression 
and is downregulated or deactivated in a wide variety of can-
cers (Fig. 2) [14, 18, 20, 57]. 

3.1. DAPK1 and its Regulation in Cancer 
The connection between DAPK1 and cancer was first 

suggested when DAPK1 was found to be downregulated in 
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Fig. (1). Schematic representation of the death-associated protein kinase family. All five members share a common kinase domain and vary 
significantly in their size and extra catalytic domains. The numbers of the proteins demarcate the amino acid residues. The percentage in the 
kinase domain indicates the degree of amino acid identity to the kinase domain of DAPK1. NLS, nuclear localization signal. 

 

 
Fig. (2). The molecular mechanisms by which DAPK1 suppresses cancer. DAPK1 function can be reduced at multiple levels by methylation 
and post-transcriptional or -translational modifications. DAPK1 controls two master regulators of many signaling pathways by activating p53 
or inhibiting Pin1, resulting in growth arrest and apoptosis. 

 
human cancer tissues [20]. These observations have been 
subsequently confirmed by demonstrations that DAPK1 
promoter regions are significantly methylated in 30 different 
human tumor types compared with their corresponding nor-
mal tissue [18, 20, 57-59]. Indeed, loss of DAPK1 expres-
sion is found in most prevalently encountered cancers in-
cluding lung, colon, breast, head and neck, kidney, liver and 

B cell malignancies [18, 20, 57-59]. Comparison between 
DAPK1 promoter hypermethylation and clinical specimens 
of cancer patients shows a significant correlation. Hyper-
methylation of the DAPK1 promoter correlates with poor 
prognosis and advanced disease stage in lung cancer patients 
[60-62]. Moreover, lymph node involvement and DAPK1 
promoter hypermethylation have been found to be correlated 

DAPK1

DAPK2/DRP-1

DAPK3/ZIPK 

DRAK1

DRAK2

80%

CaM binding domain

1 370

C-terminal tail

83%

Leucine zipper domain

1 454

NLS

48%1 414

NLS

51%1 372

NLS

Kinase domain
Death

domain
ROC

domain

CaM binding domain

1 1431

Serine rich tail

COR
domain

Ankyrin repeats

P-loop

�������	���
��
�� ����	���
��
��

���

����

�������������

� � ���
��

����

�������������

�
� ������	
�
��
�

���
� �����������

������
���
�
����

���������
������������������ �
���
��
��������
�����������������

�����

� !

���"�# ����

$���	
��
��� ����
�������
����	��

��%���&�

'�% (��)&*(�+&�,(���&-(�� !(
.���/0(�'�01/'��(����%2(���0�(�
��'� �0(�������
����

���).�(�)��(��3��/0(��4�402
�+�"��5�3��#�(��3'0

�4'�3�%#
����"����

���06��

�
������ ����7���

��
�9�
��

:0�����	
����
���

���

�

02�
����
�����
�����

� � �

�



DAPK1 as a Novel Target for Cancer and AD Recent Patents on Anti-Cancer Drug Discovery, 2019, Vol. 14, No. 2    147 

with gastric carcinoma and head and neck cancers [63-65]. 
Loss of DAPK1 expression has been shown to correlate 
strongly with recurrence and metastasis incidence in breast 
cancer patients [66]. DAPK1 promoter hypermethylation has 
been shown to be less sensitive to radiochemotherapy in eso-
phageal squamous cell carcinoma and Non-Small Cell Lung 
Cancer (NSCLC) [60, 67]. Collectively, DAPK1 promoter 
hypermethylation is positively correlated with advanced 
stage and metastatic potential of specific cancers, suggesting 
that DAPK1 methylation may present a potential prognostic 
marker in selected human cancers. Indeed, restoration of 
physiological levels of DAPK1 in the highly metastatic 
Lewis carcinoma efficiently suppresses its ability to form 
metastases in mice [68]. Although hypermethylation of the 
DAPK1 promoter is frequently documented as an inactiva-
tion mechanism in cancers, DAPK1 protein can still be ex-
pressed in the presence of hypermethylation in primary tis-
sues and NSCLC cell lines. Loss of DAPK1 expression in 
the absence of promoter hypermethylation has also been re-
ported, suggesting the existence of an additional layer of 
DAPK1 regulation in tumors, including post-transcriptional 
regulation of DAPK1. In limited cases, homozygous dele-
tions, allelic deletions, point mutations and single nucleotide 
polymorphism in the DAPK1 gene have been reported [18, 
20, 59, 69]. Micro RNAs miR-103 and miR-107 bind to the 
3-UTR of DAPK1 and suppress DAPK1 expression, thereby 
inactivating integrin B1 [70]. These two miRNAs mediate 
integrin B inactivation by targeting DAPK1, resulting in 
increased cell motility and cell-matrix adhesion and de-
creased cell-cell adhesion in colorectal cancer [70]. Post-
translational modifications of DAPK1 such as phosphoryla-
tion and ubiquitination, can affect DAPK1 activity and sta-
bility. The Ser289, Ser308, Tyr491, Tyr492 and Ser735 resi-
dues in the DAPK1 protein are currently well-known phos-
phorylation sites. For example, oncogenic Src phosphory-
lates DAPK1 at Tyr491 and 492 in its ankyrin repeats, 
thereby inhibiting DAPK1 catalytic activity and biological 
function [71]. ERK binds to DAPK1 through the DAPK1 
DD and directly phosphorylates it at Ser735 [49]. Phos-
phorylation of DAPK1 by ERK increases the catalytic activ-
ity of DAPK1 and promotes DAPK1 apoptotic activity [49]. 
In contrast, Ras-ERK activation through p90 ribosome S6 
kinase phosphorylates DAPK1 at Ser289 and suppresses its 
apoptotic activity [72], suggesting that multiple oncoproteins 
and tumor suppressors might be involved in DAPK1 activity 
by influencing its function in cancer signaling. In addition, 
E3 ubiquitin ligases, carboxyl terminus of HSC70-
Interacting Protein (CHIP), DAPK-Interacting Protein 1 
(DIP1) and KLHL20 target DAPK1 and degrade it by the 
proteasome pathway, thereby regulating DAPK1 protein 
stability [44, 51, 73, 74]. However, the effect of DAPK1 
ubiquitination in cancer has not been determined. 

3.2. DAPK1 and its Substrates in Cancer 

Several lines of evidence indicate that DAPK1 plays an 
important role in tumor suppression with interacting partners 
or downstream substrates such as tumor suppressor p53 and 
oncogenic Pin1 [18, 48]. First, DAPK1 was found to be ca-
pable of suppressing c-myc- and E2F-induced oncogenic 
transformation in a p53-dependent manner. DAPK1 activates 
p53 through induction of p19ARF, thereby binding to Mdm2 

and increasing p53 protein stability [75]. DAPK1 increases 
p53 gene transcription and its responsive genes and induces 
apoptosis in the presence of p53 [75]. Moreover, DAPK1 in-
hibits integrin-mediated cell survival signals, thereby inacti-
vating FAK and upregulating p53 [76]. Interestingly, since 
p53 can also increase DAPK1 transcriptional levels, a positive 
feedback regulation between DAPK1 and p53 has been sug-
gested [77]. Recently, Brown and colleagues discovered that 
DAPK1 may increase cancer cell growth in p53-mutant triple-
negative breast cancer via the mTOR/S6K pathway [78]. 
These results imply that DAPK1 may switch its apoptotic role 
to a proapoptotic role in certain cellular environments, sug-
gesting a new therapeutic strategy for p53-mutant cancers.  

In addition, DAPK1 inhibits the oncogenic ability of Pin1 
to induce cell transformation and migration by suppressing 
Pin1 enzymatic activity via phosphorylation [3, 45, 46]. Pin1 
is a unique peptidyl-prolyl cis-trans isomerase that binds 
only to phosphorylated Ser/Thr-Pro-motifs and induces con-
formational changes in proteins [79]. Pin1 has important 
roles in many cellular processes by regulating the functions 
of proline-directed phosphor proteins in the cell cycle, cell 
signaling, transcription and splicing, DNA damage re-
sponses, germ cell development and neuronal survival [79-
81]. Pin1 activates more than 40 oncogenes or growth-
promoting regulators and inhibits close to 20 tumor suppres-
sor or growth-inhibiting regulators, indicating that Pin1 is a 
pivotal enzyme for tumorigenesis by turning on or off nu-
merous oncogenes or tumor suppressors, respectively, at 
multiple steps at the same time [82-98]. Moreover, Pin1 
overexpression in proliferative mammary glands leads to 
breast cancer [87], whereas Pin1 inhibition or Knockout 
(KO) prevents cancer induced by oncogenic Ras or Neu or 
by p53 KO in mouse models [90, 99-102]. Our group found 
that DAPK1 directly binds to the PPIase domain of Pin1 in 
contrast to all known Pin1-binding proteins at the WW do-
main of Pin1 and phosphorylates Pin1 at Ser71 in vitro and 
in vivo [45]. DAPK1-mediated Pin1 phosphorylation blocks 
Pin1 nuclear localization, inhibits the ability of Pin1 to acti-
vate transcription factors and stabilize proteins, and attenu-
ates Pin1-induced centrosome amplification, chromosome 
instability and cell transformation [45]. Moreover, Ser71 
phospho-mimicking mutations not only completely inacti-
vate Pin1 activity, but also fully inhibit Pin1 function in 
cells, whereas Ser71 non-phosphorylation mutation is fully 
functional [45]. Finally, Pin1 Ser71 phosphorylation levels 
positively correlated with DAPK1 levels, but negatively cor-
related with centrosome amplification in breast cancer tis-
sues [45]. These results indicate that the tumor suppressor 
DAPK1 is an important enzyme to suppress Pin1 oncogenic 
function and might eventually lead to more effective thera-
peutic strategies for cancer [3, 46]. DAPK1 can also affect 
cell mobility and cytoskeletal structure [18]. DAPK1 phos-
phorylates Myosin Light Chain II (MLCII) at Ser19, thereby 
promoting cell detachment from the extracellular matrix and 
membrane blebbing, resulting in cell death [42, 103]. Thus, 
accumulating evidence indicates that DAPK1 may have a 
critical role in tumor suppression.  

4. DAPK1 IN ALZHEIMER’S DISEASE 

Alzheimer’s Disease (AD) is the most prevalent neu-
rodegenerative disease associated with a progressive loss of 
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memory. AD is characterized by Neurofibrillary Tangles 
(NFTs) composed of hyperphosphorylated tau (p-tau) and 
senile plaques comprised of Amyloid-β Peptides (Aβ) de-
rived from the APP [104-107]. Tau is a Microtubule (MT)-
associated protein that normally stabilizes the MT cytoskele-
tal network that functions to maintain the unique neuronal 
structure and transports proteins and other molecules through 
the neurons [108-110]. Phosphorylation is a key regulatory 
mechanism, which disrupts the ability of tau to bind MTs 
and to promote their assembly [111]. In AD, tau is hyper-
phosphorylated and aggregated into abnormal conformations 
of filamentous Paired Helical Filaments (PHFs) that make up 
NFTs [112-114]. APP is a transmembrane protein processed 
by two different proteolytic processes, amyloidogenic or 
non-amyloidogenic pathways [107, 115]. In the amyloi-
dogenic pathway, β -secretase (BACE1) cuts APP at the be-
ginning of Aβ sequence, generating an extracellular soluble 
fragment called βAPPs and an intracellular COOH-terminal 
fragment called βCTF [107, 115]. Subsequently, γ-secretase 
cuts βCTF at residues 40/42/43 of the Aβ sequence, generat-
ing an intact insoluble Aβ species that is aggregated in senile 
plaques [107, 115]. Previous studies shown that Aβ exacer-
bates tangle formation in tau mutant mice and tau reduction 
blocks Aβ‑mediated toxicity [116-120]. These results 
strongly indicate interactions between Aβ deposits and tau 
tangles, and a common molecular mechanism may influence 
both tangle and plaque formation, through the regulation of 
both tau and APP.  

In addition to acting as a tumor suppressor, DAPK1 has 
been identified as a major common regulator of both tau and 
APP and might link both tangle and plaque pathologies in 
cell and animal AD models (Fig. 3) [21, 22]. Importantly, it 
was shown that DAPK1 regulates levels of phosphorylated 
tau as well as levels of Aβ, as gene knockout of DAPK1 pro-
tects against the age-dependent neurodegeneration of AD 
with decreased levels of phosphorylated tau and decreased 
pathogenic processing of APP and insoluble beta-amyloid 
peptide [21, 22]. In particular, DAPK1 expression is signifi-
cantly upregulated in the hippocampal region of AD patients 
compared with age-matched normal subjects [21, 22]. These 
findings are particularly interesting because the hippocampal 
region of the brain is specifically affected by AD. Moreover, 
two Single-Nucleotide Polymorphisms (SNPs) that regulate 
DAPK1 allele-specific expression are strongly associated 
with late-onset AD [23-26]. In addition, DAPK1 kinase-
activity-deficient mice are more efficient learners and have 
better spatial memory than Wild-Type (WT) mice [121, 
122]. Taken together, these results indicate that DAPK1 
plays an important role in neurodegenerative disorders in-
cluding AD. 

4.1. DAPK1 and Tau Phosphorylation 

Tau is hyperphosphorylated at more than 25 specific 
sites, aggregated into PHFs, and eventually forms NFTs in 
the human AD brain [112-114]. For example, Thr231 is 
phosphorylated at the beginning of sequential tau phos-
phoepitopes appearing during the early stages of AD pretan-
gle formation [123]. Phosphorylation of tau on Ser262 facili-
tates the detachment of tau from MTs and Ser396 phos-
phorylation is found in insoluble PHFs [112-114]. Our group  
 

 
Fig. (3). The regulation of tau function and APP processing by 
DAPK1 in AD neurons. DAPK1 expression leads to increased 
phosphorylation levels of tau, APP, Pin1, and NDRG2, thereby 
promoting tau-related pathology, amyloidogenic APP processing, 
neuronal cell death and AD.  

 
discovered that DAPK1 overexpression induces tau phos-
phorylation at sites including Thr231, Ser262, and Ser396 in 
neuronal cells [21]. However, DAPK1 kinase-deficient mutant 
(K42A) failed to increase tau phosphorylation [21], indicating 
that DAPK1 regulates tau phosphorylation by a kinase activ-
ity-dependent manner. Moreover, DAPK1 KO mice show 
decreased levels of tau phosphorylation in the brain in an age-
dependent manner [21]. Furthermore, DAPK1 also increases 
tau protein stability by a kinase activity-dependent manner in 
neuronal cells and the mouse brain. Constitutive active 
DAPK1 mutant (ΔCaM), but not K42A, significantly en-
hances tau protein stability with cycloheximide treatment [21].  

Interestingly, increased tau phosphorylation and stability 
is positively correlated with Pin1 Ser71 phosphorylation 
[21]. DAPK1 does not increase the stability of T231A tau 
mutant that is not affected by Pin1 and does not exert its ef-
fect on tau protein stability in Pin1 KO cells [21]. Moreover, 
the expression of phosphorylated Pin1 at Ser71 is signifi-
cantly lower in DAPK1 KO mouse brain compared with WT 
mouse [21]. It has been reported that Pin1 restores the ability 
of p-tau to promote MT assembly, facilitates p-tau dephos-
phorylation, and promotes p-tau degradation by acting on the 
pThr231-Pro motif thereby isomerizing cis to trans confor-
mation in tau [124-127]. Pin1 KO mice show age-dependent 
AD pathologies and neurodegeneration [125, 128]. Further-
more, Pin1 overexpression in mouse postnatal neurons pro-
motes tau degradation and suppresses tauopathy induced by 
human tau [126]. These results indicate that Pin1 has a piv-
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otal role against AD by regulating phosphorylated tau [3, 
124, 125, 129-132], suggesting that DAPK1 might inhibit 
tau function and induce tau phosphorylation by inhibiting 
Pin1 function. Chen and colleagues found that DAPK1 in-
creases tau toxicity by inhibiting microtubule assembly and 
polarizing neurite outgrowth through MARK1/2 phosphory-
lation [52]. Therefore, DAPK1 indirectly increases tau 
Ser262 phosphorylation by regulation of MARK1/2 activity. 
Recently, direct interaction of DAPK1 and tau was found to 
cause spinal damage and subsequent neuronal cell death in a 
stroke model [133]. DAPK1 directly phosphorylates tau at 
Ser262 and inhibition of DAPK1 activity or disruption of the 
DAPK1 and tau interaction protects against spinal damage in 
mice [133]. However, it has also been reported that DAPK1-
induced tau phosphorylation is more resistant to apoptosis in 
human embryonic kidney cells, suggesting that tau hyper-
phosphorylation may have a neuroprotective effect in certain 
stages of AD progression [134]. This discrepancy might be 
due to the selected cell lines, different disease models or, in 
part, to differences in the sensitivity and specificity of the 
methods used. Therefore, the in vivo effects of DAPK1-
mediated tau hyperphosphorylation in neuronal cell death in 
the brain remain to be determined.  

4.2. DAPK1 and APP Processing 

Increasing evidence suggests that APP processing and 
function is modulated by phosphorylation on the APP intra-
cellular domain [135, 136]. Seven APP sites have been found 
to be phosphorylated in AD patients in a neuron-specific 
manner [137]. Among them, phosphorylation of APP at 
Thr668 is elevated in human AD brains and leads to the 
amyloidogenic processing of APP and increased Aβ forma-
tion [137]. It has been recently shown that DAPK1 signifi-
cantly increases human Aβ secretion by a kinase activity-
dependent manner in neuronal cell culture models [22]. 
Moreover, Knockdown (KD) of DAPK1 expression or inhi-
bition of DAPK1 catalytic activity decreases both Aβ 40 and 
42 secretions. In mice overexpressing APP, DAPK1 ablation 
has shifted APP processing toward a non-amyloidogenic 
pathway and decreases Aβ production [22]. DAPK1 DD is 
associated with APP and increases APP Thr668 phosphory-
lation [22]. Interestingly, DAPK1 activates brain-specific 
JNK3 under oxidative stress and increases APP phosphoryla-
tion and Aβ secretion [22]. In addition, our group found that 
the expression of DAPK1 is increased in hippocampal brain 
slices after Aβ or ceramide treatment and has identified N-
myc Downstream-Regulated Gene 2 (NDRG2) as a novel 
DAPK1 substrate that is involved in neuronal cell death and 
AD under Aβ treatment [47]. DAPK1 ablation in APP over-
expressing mice suppresses neuronal cell death in the brain 
[47]. Furthermore, NDRG2-mediated neuronal cell death by 
DAPK1 requires a caspase-dependent apoptosis pathway 
[47]. Since Pin1 also acts on the pThr668-Pro motif in APP 
to promote APP turnover and non-amyloidogenic APP proc-
essing, and reduce Aβ production, DAPK1 might regulate 
Aβ production by phosphorylating Pin1 on Ser71 [3, 128, 
138]. Finally, a small molecule inhibitor of DAPK1 has been 
described for attenuating neuronal damage in a chronic infu-
sion model of Aβ toxicity [139]. Together, these results 
strongly suggest that DAPK1 may be a critical regulator of 
APP processing and DAPK1 deregulation may contribute to 

AD progression. However, the upstream regulators of 
DAPK1 expression under Aβ treatment and whether modu-
lating DAPK1 expression in vivo affects the development of 
AD remains unknown. Future studies should include the de-
velopment of transgenic mice with inducible and brain-
restricted DAPK1 expression and DAPK1 ablation or 
DAPK1-overexpression mice crossed with AD mouse models.  

5. DAPK1 AS A POTENTIAL DIAGNOSTIC AND 
THERAPEUTIC TARGET 

5.1. DAPK1 Activators 

Because DAPK1 plays an important role in inhibiting 
neoplasmic transformation and suppressing metastasis, 
upregulation and/or activation of DAPK1 could be a viable 
strategy for cancer treatment if it could be limited to cancer 
tissues, due to its cell death potential in cells [29, 140]. The 
current approach to designing DAPK1-based therapy for 
cancer is to upregulate DAPK1 protein expression or inhibit 
Ser308 autophosphorylation of DAPK1 to activate its kinase 
activity. It has been reported that a total of seven reagents 
could regulate DAPK1 activity by post-translational modifi-
cations or regulate DAPK1 expression by transcription, 
translation and degradation (Table 1) [141-149]. The first 
FDA-approved pan-histone deacetylase (HDAC) inhibitor, 
panobinostat (LBH589), induces autophagy in the HCT116 
colon cancer cell line through DAPK1 activation via induc-
tion of Ser308 dephosphorylation and DAPK1 protein levels 
[141]. Moreover, DAPK1 induces caspase-dependent and -
independent apoptosis under panobinostat treatment in auto-
phagy-deficient cells [141]. SB203580, a well-known p38 
MAPK inhibitor is reported to mediate its anti-proliferative 
activity and pro-cell-death function through DAPK1 activa-
tion by dephosphorylation at Ser308, thus increasing 
autophagic cell death in human Hepatocellular Carcinoma 
(HCC) cells [142]. Another HDAC inhibitor, trichostatin A, 
which is isolated from Streptomyces hygroscopicus, in-
duces chemosensitivity in ovarian cancer, gastric cancer, 
and erythroleukemia cells. Trichostatin A promotes apopto-
sis of A549 lung cancer cells and enhances the sensitivity of 
the cells to cisplatin, mediated by both upregulations of 
DAPK1 expression and downregulation of DAPK1 Ser308 
[143]. Grifolin, a secondary metabolite of the mushroom 
Albatrellus confluens has been reported to suppress some 
cancer cell lines by promoting apoptosis. Grifolin induces 
DAPK1 mRNA and protein levels by increasing the phos-
phorylation of Ser392 and Ser20 in the p53 protein in breast 
cancer and colon cancer cell lines [144]. Since p53 is a posi-
tive transcription factor of DAPK1, grifolin may induce 
apoptosis in cancer cells via the p53-DAPK1 pathway. An-
other natural product, curcumin, which is a component of the 
perennial herb Curcuma longa increases levels of DAPK1 
mRNA and protein in U251 cells [145]. The anti-
proliferative and pro-apoptotic effects of curcumin are medi-
ated by DAPK1 through STAT-3 and NF-kB inhibition and 
caspase-3 activation [145]. In addition, DNA methyltrans-
ferase inhibitors, Vidaza (5-azacytidine) and Decitabine (5-
aza-2'-deoxycytidine), which were approved by the FDA, 
could restore DAPK1 expression from DAPK1 promoter 
hypermethylation, indicating an interesting therapeutic op-
tion for promoting re-expression of the silenced DAPK1 
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gene [146-149]. Since all DAPK1 activators mentioned in 
this section are not designed to directly target DAPK1 activ-
ity or expression, the development of DAPK1 activators are 
still in the early stages of evaluation. 

5.2. DAPK1 Inhibitors 
DAPK1-specific inhibitors offer the potential of a novel 

therapeutic strategy for neurological disorders such as 
ischemia and AD because DAPK1 is essential for neuronal 
cell death and loss under various stimuli [5, 29, 30]. With the 
crystal structure of the catalytic domain of DAPK1, most 
DAPK1 inhibitors have been developed targeting its kinase 
activity [29, 140, 150] (Table 2; [151-158]). The first 
DAPK1 inhibitor, an alkylated 3-amino-6-phenylpyridazine 
was developed to target acute brain injury such as stroke 
[151, 152]. It has been shown to suppress DAPK1 kinase 
activity and decrease the loss of brain tissue after cerebral 
ischemia using both acute and sustained brain injury animal 
models after a single intraperitoneal injection, suggesting 
that DAPK1 inhibition may provide a new therapeutic ap-
proach to suppress early programmed cell death in acute 
brain injury [151]. Other DAPK1 inhibitors including (4Z)-
4-(3-pyridylmethylene)-2-styryl-oxazol-5-one (Compound 6) 
have been synthesized using structure-based virtual screen-
ing [153, 154]. Compound 6 effectively and selectively in-
hibits DAPK1 activity (IC50 = 69nM) [153]. Our group dis-
covered that compound 6 increases neurite outgrowth and 
microtubule polymerization in regulating tau function by 
affecting DAPK1 activity [21]. Compound 6 also reduces 
both Aβ40 and Aβ42 production in neuronal cell lines and 
primary cortical neurons, and significantly attenuates Aβ-
induced neuronal cell death [22, 47]. A reversible peptide 
targeting DAPK1 has been shown to rapidly and specifically 
knock down DAPK1 through the lysosomal machinery 
[155]. The peptide consists of the DAPK1 binding domain of 

the NMDA receptor GluN2B subunit (GluN2B1242-1342) and 
Chaperone-Mediated Autophagy-Targeting Motif (CTM) 
(KFERQKILDQRFFE). DAPK1 activated by oxidative 
stress in neuronal cell culture or a focal ischemia model in 
rats is targeted for degradation through the lysosome by the 
peptide containing CTM in a dose- and time-dependent 
manner, indicating that a DAPK1-targeting peptide–based 
method might be an effective way to inhibit DAPK1. Other 
DAPK1 inhibitors in the table need more analysis to study 
DAPK1 specificity and effects on DAPK1-mediated cellular 
function [139, 151, 156-158]. Since DAPK1 inhibits the abil-
ity of Pin1 to promote cis/trans conformational changes of 
phosphorylated tau on Thr231 (pT231-tau) and cis pT231-tau 
is resistant to dephosphorylation and degradation, and lead to 
aggregation into NFTs, cis/trans conformation-specific anti-
bodies might be an effective way to eliminate toxic p-tau 
[21, 132]. Indeed, our group developed monoclonal cis- and 
trans-specific pT231-tau antibodies (mAbs) and showed that 
cis mAb treatment could enter neurons, block cis-p-tau in-
duction and prevent tau-related pathology development in 
mouse models [131, 159]. Thus, conformation-specific im-
munotherapies might offer a new therapeutic method against 
tau-related pathologies including AD [160-164]. It has also 
been reported that six FDA-approved drugs, sunitinib, rux-
olitinib, baricitinib, dabrafenib, abemaciclib, alectinib can 
suppress DAPK1 activity, although all of these drugs target 
specific other kinases including c-Jun NH(2)-Terminal Pro-
tein Kinase (JAK), v-Raf murine sarcoma viral oncogene 
homolog-B1 (Braf), Epidermal Growth Factor Receptor 
(EGFR), Cyclin-Dependent Kinase (CDK) and Anaplastic 
Lymphoma Kinase (ALK) rather than DAPK1 [140]. How-
ever, FDA-approved drugs may be beneficial in developing 
more potent and selective DAPK1 inhibitors as a leading 
compound with the crystal structure for full-length DAPK1. 

Table 1. DAPK1 Activators. 

Name / Function Effect on DAPK1 DAPK1 Cellular Function Reference 

Panobinostat/LBH589 

(Histone deacetylation inhibitor) 

mRNA & protein enhanced 

Ser308 dephosphorylation 
Induce autophagy [141] 

SB203580 (p38 MAPK inhibitor) Ser308 dephosphorylation Induce autophagy [142] 

Trichostatin A 

(Histone deacetylation inhibitor) 
Protein enhanced Induce apoptosis [143] 

Grifolin 

(Albatrellus confluens extract) 

mRNA & protein enhanced 

Ser308 dephosphorylation 
Induce apoptosis [144] 

Curcumin 

(Curcuma longa extract) 
mRNA & protein enhanced Induce apoptosis [145] 

Vidaza(5-azacytidine) 

(Demethylating agent) 
mRNA enhanced Induce apoptosis [146-149] 

Decitabine (5-aza-2'-deoxycytidine) 

(Demethylating agent) 
mRNA enhanced Induce apoptosis [146-149] 
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6. RECENT PATENTS TARGETING DAPK1 IN CAN-
CER AND AD 

Recent patents suggest that various compositions and 
methods for the modulation of DAPK1 activity and expres-
sion might give new therapeutic options for treating cancer 
and AD. Recent patents targeting DAPK1 in cancer therapy 
focus on diagnosis to detect DAPK1 expression status on 
early cancer stage and treatment to promote cancer cell 
death. New patents report methods and kits for the detection 
of DAPK1 methylation status in head and neck cancer, and 
ovarian cancer [165, 166]. DAPK1 promoter regions are 
highly methylated in more than 65% of head and neck can-
cer, and ovarian cancer patient samples [29]. The inventions 
provide high sensitivity and specificity for the detection of 
the methylation status in the targeted genes and regulatory 
regions of genes including DAPK1 in the saliva, serum, 
blood, and urine samples, suggesting that the test can be car-
ried out at low-cost. Other recent patents suggest new meth-
ods for measuring DAPK1 expression status in different 
types of cancer. The inventions provide methods for detect-
ing or diagnosing metastatic non-small cell lung cancer by 
promoter hypermethylation of DAPK1 in particular in the 
tumor, lymph nodes, bone marrow and blood [167]. Another 
patent provides a new non-invasive method for the early 
detection of gastric cancer [168]. Although the gastric cancer 
is the fourth most common cancer and the second leading 
cause of cancer related deaths in the world, the diagnosis of 
gastric cancer in the early stage is difficult because the ma-
jority of gastric cancer patient are asymptomatic until ad-
vanced stage. DAPK1 methylation is found in more than 
80% of gastric cancer patient samples [29]. The inventions 
indicate that an alternative non-invasive method using pa-

tient plasma provides massive and rapid detection of the 
methylation status of twenty-four tumor suppressors includ-
ing DAPK1. A recent patent provides combination therapy 
by activating DAPK1 may inhibit cancer cell growth in or-
thotopic spontaneous kidney cancer [169]. A pharmaceutical 
composition comprising sorafenib and GW5074 affects c-
Raf-PP2A-DAPK1 signaling pathway in either in vitro or in 
preclinical animal model. The binding of c-Raf and GW5074 
leads to conformational change that consequently increases 
the association of sorafenib and c-Raf, thereby increasing 
Ser308 dephosphorylation of DAPK1 by PP2A. The inven-
tion suggests a novel drug designed targeting c-Raf and 
DAPK1 protein complex and a new biomarker for phos-
phorylation status of DAPK1 for drug screening. A new pat-
ent provides a pharmaceutical composition comprising a 
therapeutically effective amount of DAPK1 activators or 
inhibitors in the treatment of cancer [170]. The inventions 
provide a specific design for DAPK1 activators and inhibi-
tors for DAPK1 isoforms, DAPK1α and DAPK1β. DAPK1 
is undergoing an alternative splicing leading to the produc-
tion of two isoforms [171]. These two forms differ in ten 
amino acids at the C-terminus of the pre-mRNA and have 
antagonistic functions. DAPK1α possesses pro-apoptotic 
function whereas DAPK1β attenuates TNF-induced apopto-
sis [172], suggesting that activating DAPK1α and suppress-
ing DAPK1β might be beneficial in the treatment of cancer. 
However, the exact mechanism of DAPK1 pre-mRNA alter-
native splicing remains unknown and the inventions were 
only performed in vitro, indicating that physiological conse-
quences for the activation and inhibition of DAPK1 isoforms 
remain determined. A recent patent suggests novel composi-
tions and methods for regulating DAPK1 activity by control-
ling ROC domain for identifying agents in cancer and AD 

Table 2. DAPK1 Inhibitors. 

Name Specificity on DAPK1 DAPK1 Cellular Function Reference 

3-Amino-6-phenylpyridazine derivative IC50 = 13μM Inhibit neuronal cell death [151, 152] 

(4Z)-4-(3-Pyridylmethylene)-2-styryl-oxazol-5-one IC50 = 69nM 
Promoter neuronal differentiation and 

inhibit DAPK1-induced Aβ production 
and neuronal cell death 

[21, 22, 47, 153, 154] 

2-(3-Chlorophenyl)-4-(3-pyridylmethylene)-1,3-
oxazolin-5-one IC50 = 529.5nM N/A [154] 

2-(3-Methylphenyl)-4-(3-pyridylmethylene)-1,3-
oxazolin-5-one IC50 = 713.7nM N/A [154] 

2-(4-Bromo-3-methylphenyl)-4-(3-
pyridylmethylene)-1,3-oxazolin-5-one IC50 = 252.9nM N/A [154] 

2-Phenyl-4-(4-pyridinylmethylene)-5(4H)-oxazolone IC50 = 583nM N/A [154] 

(4Z)-2-(3,4-Difluorophenyl)-4-(3-pyridylmethylene) - 
1,3-oxazolin-5-one IC50 = 346.1nM N/A [154] 

FK506 N/A Inhibit neuronal cell death [156] 

MK-801 N/A Inhibit neuronal cell death [157] 

Pyrazolo[3,4-d]pyrimidinone (HS38) IC50 = 200nM N/A [157] 

Morin IC50 =15μM N/A [158] 
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[173]. DAPK1 ROC domain acts on a GTP binding site that 
suppresses DAPK1 activity by increasing Ser308 phosphory-
lation [38]. To screen agents for promoting DAPK1 activity, 
the invention provides a method that determines the ability 
of agents to negatively affect GTP binding to the ROC do-
main and to decrease Ser308 phosphorylation. The invention 
is also presented a method for the identification of agents to 
enhance GTP binding to the ROC domain, prevent GTP hy-
drolysis from the ROC domain and increase Ser308 phos-
phorylation for treating neurodegeneration including AD.  

A recent patent provides novel chemical compounds, 
compositions and methods of making specific DAPK1 inhibi-
tion in stroke and AD [174]. The invention provides pyridaz-
ine compounds and related heterocyclic derivatives which 
specifically target DAPK1 kinase activity. The pyridazine 
compounds suppress neuronal cell death, Aβ-induced neuroin-
flammation and synaptic damage in mice. Since DAPK1 in-
creases tau phosphorylation, Aβ production, and neuronal cell 
death, the invention might be useful for drug screening and 
therapeutic applications specifically targeting DAPK1. Several 
chemical formulas including peptides were developed for tar-
geting DAPK1 and its related kinases [175-178]. The com-
pounds bind to an ATP-binding site and a substrate-
recognition site of DAPK1 simultaneously, thereby inhibiting 
DAPK1 catalytic activity. The inventions also provide various 
DAPK1 inhibiting compositions with other agents to suppress 
DAPK1 activity. Because the formulas suppress the activity of 
DAPK1 and other kinases which have similar ATP-binding 
pocket in the kinase domain, in vivo preclinical effect of 
DAPK1 remains elusive. A recent patent provides a peptide 
comprising a chaperone-mediated autophagy-targeting signal 
domain, a protein-binding domain that selectively binds to a 
target cytosolic protein, and a cell membrane penetrating do-
main [179]. The peptide (TNT-NR2BCTM) is observed to 
only target activated DAPK1 and cause DAPK1 protein deg-
radation. The inventions show that the peptide treatment in 
mouse primary cortical neurons increases activated DAPK1 
degradation after H2O2 treatment. Moreover, TAT-NR2BCTM 
specifically decreases DAPK1 levels in the ischemic brain 
areas and reduces ischemic neuronal damage in the rat middle 
cerebral artery occlusion focal ischemia model in vivo. Thus, 
the invention suggests that the peptide may selectively knock-
down activated DAPK1 under certain pathological conditions 
such as AD.  

CONCLUSION 

DAPK1 plays an important role in regulating cell growth 
and death, which is critical to the survival of both proliferat-
ing and differentiated tissues. Deregulation in DAPK1 ex-
pression and/or activity might cause or promote the devel-
opment of cancer and neurodegeneration. DAPK1 hyper-
methylation or inactivation promotes or causes cancer 
through anti-apoptotic pathways, and effective DAPK1 
upregulation targeted only to cancer cells would be a power-
ful anti-cancer therapy. In contrast, DAPK1 is genetically 
associated with AD, highly overexpressed in the AD brain 
and promotes both tau and APP toxic pathways, thereby con-
tributing to AD development. 

Therefore, inhibiting DAPK1 targeting in degenerated 
neurons might be a novel therapeutic option for treating this 

devastating disease. However, development of DAPK1 
modulators is still in the early stages and may be challenging 
due to specificity, selectivity issues, off-target effects, side 
effects, and the BBB. More research is needed to better un-
derstand how DAPK1 is regulated in certain tissues and dis-
eases and how DAPK1 interplays with its binding partners.  

CURRENT & FUTURE DEVELOPMENTS 

The targeting of DAPK1 is an attractive drug candidate 
because DAPK1 has opposite effects in cancer and AD. 
Moreover, DAPK1 is an upstream negative regulator of Pin1 
that activates numerous oncogenes and suppresses many 
tumor suppressors, suggesting that activating DAPK1 effec-
tively inhibits multiple oncogenic signaling pathways. The 
biggest challenge of DAPK1 activating reagents to increase 
DAPK1 expression and activity is lack of specificity. Most 
DAPK1 activators inhibit DNA methyltransferase to increase 
DAPK1 transcriptional levels or general protein degradation 
pathways to stabilize DAPK1 protein [29]. It has also been 
reported that DAPK1 might be oncogenic on certain cellular 
condition such as p53 mutant cancers [78]. Therefore, more 
studies of DAPK1 regulatory mechanisms and specific 
DAPK1 activators are needed. DAPK1 could be reactivated 
by enhancing DAPK1 expression, DAPK1 activity, and 
DAPK1 protein delivery. Restoring of transcriptional or 
post-transcriptional activation of DAPK1 could be achieved 
by enhancing the activity of DAPK1 transactivators, inhibit-
ing DAPK1-targeting miRNAs, and repressing epigenetic 
silencing. Targeting E3 ligases that promote DAPK1 degra-
dation might be another option to restore DAPK1 protein 
expression levels. Recently, a new patent provides E3 ubiq-
uitin ligases using gene mutation to promote DAPK1 protein 
degradation [180]. The invention only targets DAPK1 pro-
tein degradation via the ubiquitin proteasome pathway in a 
tissue specific manner, suggesting that this method might 
be effective in p53 mutant tumors. DAPK1 activity could 
be increased through various methods, including develop-
ment of small molecules that can block the interaction of 
DAPK1 and negative binding partners, and or engineering 
DAPK1 variants with increased kinase activity [38, 181]. 
DAPK1 protein delivery and gene therapy to only cancer 
tissues that lose DAPK1 expression are another plausible 
DAPK1 reactivation strategy although it remains challeng-
ing due to degradation, low membrane permeability, and 
specificity.  

The greatest challenge facing small molecule DAPK1 in-
hibitors treating AD is effective penetration of the Blood-
Brain Barrier (BBB). The BBB is a highly specialized endo-
thelial cell membrane and plays a key role in the generation 
of chronic inflammation during AD. It is estimated that 98% 
of small molecule drugs are unable to effectively cross the 
BBB [182]. Therefore, DAPK1 inhibitors should be system-
atically designed to penetrate BBB. For example, DAPK1 
inhibitors could be conjugated with nano-particles such as a 
near-infrared, thereby visualizing and targeting DAPK1 in-
hibitors to brain [183]. Since DAPK1 is a well-known tumor 
suppressor and has an inverse association between cancer 
and AD, targeting DAPK1 for treating AD might lead to 
undesirable side effects such as tumorigenesis in other pro-
liferative tissues. One of the solutions may be to design 
DAPK1 inhibitors that only target to damaged neurons. Be-
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cause mice with whole-body DAPK1 KO do not produce any 
spontaneous tumors or have any defects compared with WT 
mice [14], long-term treatment of DAPK1 inhibitors may not 
have acute effects. Moreover, the inhibition of DAPK1 
kinase activity has been shown to lead to better learning and 
memory in mice [121, 122], suggesting that DAPK1 inhibi-
tors may be used to treat AD if they can be modified to be 
more selective with fewer off-target effects [150]. Therefore, 
the efficacy, potency and side effects should be evaluated in 
designing DAPK1-specific inhibitors.  
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