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Summary

Death-associated protein (DAP)-kinase, an actin-cytoskeleton localized serine/threonine kinase, functions
as a novel tumor suppressor and participates in a wide variety of cell death systems. Recent studies indicate
that DAP-kinase elicits a potent cytoskeletal reorganization effect and is capable of modulating integrin
inside-out signaling. Using this understanding of DAP-kinase protein function as a framework, we discuss
the functional mechanisms of this kinase in regulating death-associated morphological and signaling events.
Furthermore, a potential role of DAP-kinase to be a drug target is also discussed.

Introduction

Death-associated protein (DAP)-kinase is a mem-
ber of a novel family of serine/threonine kinases.
The members of DAPK family, including DAP-
kinase, DRP-1/DAPK2, DIk/ZIP kinase, DRAK1
and DRAK2, share highly conserved catalytic
domains but differ in their extra-catalytic domains
[1, 2]. These structure features account for their
phosphorylation of common substrate and capa-
bility of inducing apoptosis and yet diverse sub-
cellular localization and certain unique activities.
DAP-kinase is considered as the prototype of this
family, as it is the first family member to be
identified and has been most intensively studied.
DAP-kinase was discovered through a genetic
screen in which an anti-sense library was used to
identify genes involved in interferon-y-induced cell
death in HeLa cells [3]. This 160-kDa multidomain
protein contains not only a kinase domain and
calmodulin binding motif essential for its catalytic
activity, but also domains for protein—protein
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interactions, such as the ankyrin repeat domain
and death domain. In addition, a segment adjacent
to ankyrin repeats is required for the cytoskeleton
targeting of this kinase [3, 4]. Similar to other
calmodulin-dependent kinases, the catalytic activ-
ity of DAP-kinase is primarily regulated by
binding of calcium-activated calmodulin to the
calmodulin binding motif [4], which likely leads to
a change in conformation thereby exposing the
active site. In addition, the catalytic activity of
DAP-kinase can be fine-tuned by posttranslational
modifications. DAP-kinase was demonstrated to
undergo autophosphorylation at Ser308 which lies
in the calmodulin binding motif. This phosphor-
ylation reduces the affinity for the calmodulin and
thus attenuates DAP-kinase catalytic activity [5].
This negative regulation of DAP-kinase activity
via autophosphorylation is a unique feature of
certain DAPK family kinases. This mode of
regulation allows the activity of DAP-kinase to
be in-checked in healthy cells, as full activation of
DAP-kinase would require the combination of two
signals, i.e., the activation of an unidentified
phosphatase to dephosphorylate Ser308 and the
increase of intracellular calcium. In addition to
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Ser308, DAP-kinase can also be phosphorylated at
Ser735 by ERK, which leads to an upregulation of
DAP-kinase catalytic activity when tested both
in vitro and in vivo. Kinetic analysis indicates that
this phosphorylation decreases the Km value of
DAP-kinase, thus increasing the binding affinity
for DAP-kinase substrates [6]. As Ser735 resides in
the cytoskeleton-binding region, this finding raises
a possibility that the cytoskeleton-binding region
may be positioned in proximity to the catalytic
pocket in the 3-D structure of DAP-kinase.

DAP-kinase as a tumor suppressor

In mice and human, DAP-kinase mRNA was
found to be ubiquitously expressed in various
tissues, with the highest expression level observed
in lung and brain [7]. Expression of DAP-kinase
mRNA or protein, however, is frequently lost in
certain human cancer cell lines and biopsies
derived from human tumors (for review see [7,
8]). In most cases, this loss of DAP-kinase expres-
sion is resulted from hypermethylation-triggered
gene silencing, and a CpG island at the 5UTR of
DAP-kinase gene was found to be a target of
hypermethylation [9]. To date, a large number of
studies indicate that DAP-kinase gene is abnor-
mally hypermethylated in certain preneoplastic
lesions and a variety of tumor tissues of different
origins, such as B cell lymphoma [9, 10], T- and
NK-cell malignancies [11], nasopharyngeal carci-
noma [12, 13], non-small cell lung carcinoma [14],
head and neck cancer [15, 16], colon carcinoma
[17, 18], gastric cancer [17, 19], and hepatocellular
carcinoma [20]..., etc. Furthermore, in many cir-
cumstances, DAP-kinase hypermethylation asso-
ciates with advanced tumor grades/stages,
increased tumor recurrence, and/or decreased
survival rate [10, 14, 16, 20-27], and therefore
DAP-kinase hypermethylation is considered as a
diagnostic/prognostic marker for several types of
cancers. Collectively, these findings suggest that
silencing of DAP-kinase confers a selective advan-
tage of cancer development and progression.
Consistent with the notion that loss of
DAP-kinase plays a causative role in tumor
development, the anti-tumorigenic function of
DAP-kinase was directly demonstrated in a mouse
model system [28]. In this Lewis lung carcinoma
system, the expression level of DAP-kinase is

inversely correlated with the metastatic activities
of the tumors and restoration of DAP-kinase
expression in the highly metastatic Lewis lung
carcinoma to physiological level efficiently sup-
presses their ability to form metastases in mice.
The tumor suppression activity of DAP-kinase has
also been demonstrated in the in vitro cell culture
system. It was found that DAP-kinase is capable
of suppressing c-myc- and E2F-induced oncogenic
transformation in a p53-dependent manner [29]. A
detail molecular dissection indicates that DAP-
kinase increases the p53 protein level and p53-
responsible genes and participates in the oncogene-
induced, p53-dependent apoptotic checkpoint
pathway. Thus, these studies suggest that DAP-
kinase suppresses tumorigenesis through at least
two mechanisms, i.e., linking apoptosis to anti-
metastasis and channeling oncogene activation to
pS53-dependent apoptotic checkpoint.

DAP-kinase in cell death

Ever since the initial identification of DAP-kinase
involvement in the interferon-y-induced cell death,
the role of this kinase in various cell death systems
has been a subject of intense investigation. To
date, DAP-kinase has been found to participate in
a wide variety of death systems, and therefore is
considered to be a general death mediator. For
instance, inhibition of DAP-kinase by dominant-
negative mutant, anti-sense RNA or overexpres-
sion of its death domain suppresses apoptosis
triggered by several cytokines, such as TGF-f [30],
Fas ligand, TNF-« [31] and TRAIL [32]. Dissec-
tion of the functional position of DAP-kinase in
the apoptotic pathway of TGF-f indicates that
DAP-kinase acts downstream of Smad and up-
stream of mitochondrial-based pro-apoptotic
events [30]. Consistent with the notion that
DAP-kinase acts upstream of mitochondrial death
events, Bcl-2 has been shown to protect apoptotic
death induced by the active mutant of DAP-kinase
[31]. A possible effect of DAP-kinase on mito-
chondria, either directly or indirectly, may account
for its broad involvement in various apoptotic
systems.

One of the important pathological effects
of DAP-kinase lies in its participation in cell death
of the central nervous system. The expression of
DAP-kinase is particularly enriched in brain and



displays a developmentally regulated manner [33].
A number of studies revealed that DAP-kinase not
only mediates neuronal death triggered by various
death stimuli and pathological conditions, but also
is upregulated at the activity or expression level in
response to such death stimuli. For instance, DAP-
kinase has been shown to play a role in neuronal
cell death induced by C2-, C6-, and C8-ceramides
[34, 35], seizure [36], and various ischemia condi-
tions [37, 38]. In vivo, retinal ganglion cells for
DAP-kinase null mice displays increased survival
following the treatment of cytotoxic level of
glutamate [33]. As all of these findings point out
a possible role of DAP-kinase in neurodegenera-
tive disorders and ischemic neuronal injury, DAP-
kinase is now considered as an attractive target for
treatment of CNS injury and degenerative dis-
eases. An aminopyridazine-based selective inhibi-
tor of DAP-kinase has been developed recently
and this small molecule displays neuroprotective
effect in both hypoxia- and ischemia-induced brain
injury models [37, 38]. In addition to being
involved in the pathological death conditions in
neurons, recent study also suggests a function of
DAP-kinase in developmentally regulated neuro-
nal cell death. The netrin receptor UNC5H has
recently been demonstrated as a dependence
receptor, because it triggers apoptotic cell death
in the absence of ligand, netrin-1 [39]. Intriguingly,
DAP-kinase was found to be recruited to
UNCS5H2 partly through the interaction between
their death domains. In the absence netrin-1,
UNCS5H?2 reduces DAP-kinase autophosphoryla-
tion at Ser308 and thus increases DAP-kinase
catalytic activity. Furthermore, dominant-negative
inhibition of DAP-kinase partially impairs
UNCSH2-triggered apoptosis [40]. Therefore,
DAP-kinase may function in the cell fate determi-
nation during neuronal development.

In addition to apoptotic cell death, DAP-kinase
can also induce autophagic death in certain cell
systems. Autophagy is a process in which intra-
cellular membrane structures sequester proteins
and organelles to degrade and turn over these
materials. Autophagy is induced when cells
encounter environmental stresses, such as nutrient
starvation and pathogen infection and results in
either adaptation and survival or cell death [41,
42]. The autophagic cell death (or type II cell
death) is biochemically and morphologically dis-
tinct from apoptosis (or type I cell death). In
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autophagic death, caspase activation and DNA
fragmentation do not occur. Instead, autophagic
death is characterized by the appearance of dou-
ble- or multiple-membrane cytoplasmic vesicles
engulfing bulk cytoplasm and/or cytoplasmic
organelles, such as mitochondria and Golgi [41,
42]. DAP-kinase induces autophagic death in
MCF7 and HeLa cells and is necessary for
interferon-y-induced autophagosome formation
in HeLa cells [43]. It remains to be investigated
how cells choose to undergo different death modes
in response to DAP-kinase activation. As auto-
phagic death can be activated when apoptotic
effectors, such as caspases [44] or Bax/Bak [45], are
inhibited, it wound be intriguing to determine
whether cells switch between DAP-kinase trig-
gered autophagic death and apoptosis by the
availability of different death effectors and/or
DAP-kinase substrates.

DAP-kinase in regulating actin cytoskeleton

Biochemical and immunostaining analyses indi-
cate that DAP-kinase is localized to the cytoskel-
eton in association with the actin microfilament
system and this localization requires both the
ankyrin repeat and cytoskeleton binding domains
of DAP-kinase. Deletion of the cytoskeleton
binding domain leads to a diffuse cytoplasmic
localization, whereas a mutant lacking ankyrin
repeat domain mislocalizes to focal adhesions [46].
As the kinase domain of DAP-kinase is related to
that of myosin light chain kinase (MLCK), myo-
sin-II regulatory light chain (MLC) becomes a
potential in vivo substrate of DAP-kinase. Indeed,
both biochemical and immunostaining analyses
revealed that DAP-kinase phosphorylates MLC at
Ser19 in vivo [46, 47]. Through this phosphoryla-
tion event, DAP-kinase promotes the contractility
of actomyosin system and is capable of stabilizing
stress fibers in serum-starved conditions. Further-
more, DAP-kinase activity is involved in serum-
stimulated stress fiber formation in fibroblasts [47].
Consistent with its ability to phosphorylate MLC,
DAP-kinase overexpression in HeLa cells induces
a dramatic change in cell morphology, including
the formation of protrusions and membrane bleb-
bing [46]. Thus, DAP-kinase-induced MLC phos-
phorylation is considered to contribute as least in
part to the cytoskeleton changes observed in
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apoptotic cells. In contrast to other kinases
that phosphorylate MLC, DAP-kinase is incapa-
ble of stimulating focal adhesion assembly in
serum-starved conditions, and even causes focal
adhesion disruption in serum-stimulated condi-
tions [47]. This uncoordinated regulation of stress
fibers and focal adhesions is a unique feature for
DAP-kinase and might eventually lead to cell
detachment and anoikis (see below). Since phos-
phorylation of MLC alone would promote, rather
than inhibit focal adhesion assembly, these find-
ings suggest the existence of unidentified DAP-
kinase substrate that is responsible for negatively
regulating focal adhesions.

DAP-kinase as an anoikis inducer by inactivation
of integrin

Anoikis is defined as a subset of apoptosis that is
triggered by loss of or inadequate cell-matrix
interaction [48]. Adhesion to extracellular matrix
regulates cell survival through both integrin
engagement and appropriate cell spreading. Resis-
tance to anoikis is expected to confer a selective
advantage on precancerous epithelial cells, afford-
ing them an increased survival time in the absence
of matrix attachment, and facilitating eventual
reattachment and colonization of secondary sites
[48]. Indeed, breakdown of anoikis has been
reported to contribute prominently to the malig-
nancy of mammary, lung and colon cancers [49—
51]. Recent study revealed that DAP-kinase sup-
presses integrin-mediated cell adhesion through an
inside-out inactivation of f1 integrin. Further-
more, enforced activation of integrin by functional
activating antibody abrogates the apoptotic effect
of DAP-kinase. These findings indicate that DAP-
kinase induces apoptosis through inhibition of
integrin and subsequently blockage of matrix
survival signal, and thus identify DAP-kinase
as a novel anoikis inducer. Consistent with
this notion, DAP-kinase induces apoptosis in
anoikis-sensitive epithelial cells, but not in anoi-
kis-resistant carcinoma cells [52]. Importantly, we
and other groups found that blockage cell adhe-
sion and integrin survival signals leads to the
induction of p53 [52-54], which may explain the
role of p53 in cell susceptibility to DAP-kinase
triggered apoptosis. Notably, p53 disrupts mito-
chondrial membrane potential and permeability

either directly or indirectly through transcriptional
activation of several Bcl-2 family proteins [55-57].
Furthermore, loss of cell-matrix interaction has
been reported to affect multiple Bcl-2 family
proteins at different levels, such as transcription,
posttranslational modification and subcellular
localization, which ultimately lead to mitochon-
drial-dependent apoptosis (for review see [58]). In
these regards, the function of DAP-kinase as an
anoikis inducer correlates well with the finding
that DAP-kinase acts upstream of mitochondrial-
dependent apoptotic events.

The ability of DAP-kinase to suppress integrin
activation places DAP-kinase to the growing list of
intracellular molecules that regulate integrin in-
side-out signaling. These molecules control inte-
grin activation through their action on integrin
cytoplasmic domains, which induce conforma-
tional changes in the integrin extracellular do-
mains to change the ligand binding affinity [59]. It
is currently unclear whether DAP-kinase acts
directly or indirectly on integrin cytoplasmic
domains. Recent study revealed that the interac-
tion of cytoplasmic protein talin with the integrin
f subunit cytoplasmic domain represents a com-
mon downstream event of many signaling path-
ways that control integrin activation [60]. Whether
DAP-kinase affects talin binding to integrin f tail
thus becomes an important question to be
addressed.

Perspectives

Ten years after the identification of DAP-kinase,
evidence has now emerged that this cytoskeleton
localized kinase promotes cell death partly
through its action on cytoskeleton and cytoskele-
ton-associated molecules, such as integrins. In
addition to typical caspase-dependent death
(apoptosis), DAP-kinase can also trigger autopha-
gic death under certain circumstances. Although
MLC is the only DAP-kinase in vivo substrate
identified to date, DAP-kinase elicits distinct
biological effects compared with other kinases
that phosphorylate MLC, such as MLCK and
Rho kinase. Such differences could be resulted
from their differences in interacting partners,
subcellular localizations and ability to phosphor-
ylate other cellular substrates. As all of the
biological effects of DAP-kinase characterized to



date require its catalytic activity, identification of
other in vivo substrates of DAP-kinase would be
important to fully understand its functional mech-
anism. In addition, the capabilities of DAP-kinase
to phosphorylate MLC and modulate integrin
activation imply that this kinase may participate in
other, death-unrelated biological functions, such
as cell migration, tumor invasion and cytokinesis.
The possibility of DAP-kinase to affect cell migra-
tion is particularly intriguing, as downregulation
of this kinase displays a tight correlation with
tumor metastasis. Finally, the tumor suppressive
activity of DAP-kinase suggests that targeted
activation of this kinase may confer a potential
therapeutic opportunity for various types of can-
cer. Several strategies for specifically activating
this kinase have been discussed [7], and future
studies will aim at testing their efficacies.
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