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cGK

cGMP-dependent protein kinase

DAPK

death-associated protein kinase

TNF

tumor necrosis factor

IFN

interferon

NO

nitric oxide

CaM

Calmodulin

MLC

myosin light chain

GST

glutathione S-transferase

GFP

green fluorescent protein

MALDI-TOF MS

matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry

PARP

poly (ADP-ribose) polymerase

PCD

programmed cell death

Pin1

peptidyl-prolyl isomerase, protein NIMA-interacting 1

Chapter 1. General Introduction

1.1. Cancer and anti-cancer agents
Cancer has been a one of worldwide fame cause of death. In developing countries,
infectious diseases including malaria and tuberculosis still have had the majority of
cause of death. On the other hand, cancer, cerebrovascular disease and heart
disease, that are called “three major diseases”, make up most of it in developed
countries. In Japan, in age-adjusted death rate, cerebrovascular and heart diseases
have been decreasing [2010 Specified Report of Vital Statistics Statistical Surveys
conducted by Ministry of Health, Labour and Welfare (Japan)]. However, the
age-adjusted death rate of cancer has been walking sideways. It is showed that
therapy of cancer didn't have a big improvement. Thus, development of cancer
therapy is expected.
Chemotherapy (treatment with anti-cancer agent) is a one of cancer therapy.
Anti-cancer agents are roughly classified into the following group; cytotoxic drug,
cell biological modifier (such as growth inhibitor) and biological response modifier
(such as cytokine) [1]. Of these, cytotoxic drugs are primary anti-cancer agents.
Mechanisms of these agents are many and varied. For example, paclitaxel that
belongs to the plant alkaloid family, causes dysregulation of microtubule and results
in apoptosis induction [2]. In this way, cell death including apoptosis is an
important target of anti-cancer agent.
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1.2. Apoptosis
Apoptosis is essential roles to provide for many physiological phenomenon, such as
development, maintenance of homeostasis and immunoresponce. Dysregulation of
apoptosis causes cancer[3]. Cancer cells are hard to cause apoptosis. Thus, in cancer
therapy, it is important how to induce apoptosis in cancer cells [3]. In fact, molecular
biological research of apoptosis in mammal makes progress in cancer field. B-cell
lymphoma 2 (Bcl-2), was the first identified apoptosis-associated factor in mammal,
was identified as an oncogene in the 1980’s [4, 5]. Further, apoptosis-associated
factors are often oncogenes (Bcl-2, for example) [4, 5] or cancer suppressor genes
(p53, for example) [6].
Apoptosis is a one of programmed cell death (PCD), and is defined as activation of
cysteine protease “caspase”. Caspase cascade is the basis of apoptosis. Apoptosis is
caused by endogenous factors such as DNA damage and endoplasmic reticulum
(ER) stress, and exogenous factors such as death signals from death receptors. The
endogenous apoptosis signals mainly induce apoptosis via mitochondria. These
apoptosis signals inhibit anti-apoptosis protein Bcl-2, and release cytochrome c from
mitochondria. Cytochrome c activates caspase-9 and active-caspase-9 activates
caspase-3. Active-caspase-3 cleaves various substrates including poly-ADP ribose
polymerase (PARP), and results in cell death (Fig.1) [7]. In exogenous death
receptor signaling, caspase-8 that is activated by binding ligand to receptor
activates caspase-3. However, apoptosis signaling is not only these. The signaling
causes crosstalk with other signalings such as survival signals, autophagy, cell
adhesion and cell cycle. For example, in cell cycle, the cells that do not transit cell
cycle checkpoints cause apoptosis [8]. Paclitaxel targets to this signal. This drug
2

inhibits regulation of mitotic apparatus via dysregulation of microtubule, results in
cell cycle arrest and apoptosis induction [9]. But, the mechanisms of crosstalk
between apoptosis signal and other signals are not fully revealed.

Fig.1 Apoptosis cascades
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1.3. The death-associated protein kinase (DAPK) family
The DAPK family consists of five members: DAPK1 [10], DAPK2 (DRP-1) [11],
DAPK3 (ZIPK/DLK) [12], DRAK1 and DRAK2 (Fig.2) [13, 14]. DAPK1, was the first
identified member of the DAPK family, is an essential factor in interferon (IFN)
γ-induced apoptosis [10]. In addition to IFN γ, the DAPK family is a group of highly
related serine/threonine kinases that are associated with a wide spectrum of PCD
signals such as tumor necrosis factor (TNF)-α and anoikis [13, 14]. Overexpression
of the family induces apoptosis in many cancer cell lines such as HeLa cells [10, 15].
Moreover, expression of the family in cancer cells significantly decreases by
methylation of its promoters [13, 16]. Thus, the DAPK family is regarded as tumor
suppressor gene. Overexpression of the family causes membrane blebbing via
phosphorylation of myosin light chain-2 (MLC2), resulting in apoptosis induction
[17]. But, other mechanisms and regulations of apoptosis by the family are not clear.
DAPK1 is well studied in the DAPK family. In addition to apoptosis, DAPK1
associates cell adhesion [18] and autophagy [19]. DAPK1 has many domains
compared

with

other

members.

Ca2+/Calmodulin(CaM)-binding

The

domain,

kinase

contains

ankyrin

kinase

repeats,

domain,
Ras

of

complex(ROC)-C-terminal of ROC(COR) domain, death domain and Ser rith tail
(Fig.2) [14]. DAPK1 was reported to bind to several oncogene and cancer suppresser
gene products [20]. For example, DAPK1 phosphorylates oncogene peptidyl-prolyl
isomerase, protein NIMA-interacting 1 (Pin1) and inhibits activity of the protein
[21]. Oncogene Src phosphorylates DAPK1 and inhibits DAPK1 activity [22].
Moreover, DAPK1 is activated by p38 that respond to ER stress [23]. DAPK1
phosphorylates and activates p53 (Fig.3) [24, 25].
4

The DAPK family has high sequence homology in kinase domain whereas
C-terminal regulatory domains are difficult from each other (Fig.2) [13, 14]. DAPK1
binds actin filaments and localizes in cytoskeleton. From this, DAPK1 is showed to
associate especially anoikis (apoptosis due to loss of cell adhesion) in apoptosis.
DAPK1 suppresses cell adhesion factor integrin, and results in anoikis [26]. On the
other hand, DAPK3 localized in nuclear [14, 27, 28] and associates transcriptional
regulation [28]. For example, DAPK3 activates transcription factor signal
transducer and activator of transcription 3 (STAT3) by phosphorylation [29].
DAPK2 has Ca2+/CaM-binding domain that shows high sequence homology with
DAPK1 [13,14]. DAPK2 is suggested to play a role in autophagy and anoikis, like
DAPK1. Function of DAPK2 remains to be clarified. Recently, 14-3-3 protein was
identified as an interaction partner of DAPK2 [15] and raptor was identified as a
substrate (Fig.3) [30].
In this study, DAPK2 was identified as a substrate of cGMP-dependent protein
kinase I, and β-tubulin was identified as an interaction partner of DAPK2.

Fig.2 Domain structure of the DAPK family
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Fig.3 DAPK family and apoptosis signaling
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1.4. cGMP-dependent protein kinase I (cGK-I)
cGMP-dependent protein kinase is activated by the intracellular second messenger
cGMP. cGMP is generated by guanylate cyclases in response to natriuretic peptides
and nitric oxide (NO). Two genes encoding for cGK-I and cGK-II have been
identified, of which cGK-I has two splicing isoforms: cGK-Iα and cGK-Iβ [31].
cGMP/cGK signaling has many physiological functions including smooth muscle
relaxation. Recently, the signaling has been shown to be associated with anti-tumor
activities, including induction of apoptosis and inhibition of metastasis and
angiogenesis in many cell types (Fig.4) [32–34]. Treatment of human breast cancer
cell lines, MCF-7 and MDA-MB-468, with a cell-membrane permeable cGMP analog
resulted in cell growth inhibition and apoptosis induction [35, 36]. On the other
hand, the expression of cGK-I isoforms is reduced in many tumors compared to
normal tissues, and ectopic expression of cGK-Iβ results in decreased tumor growth
and invasiveness in nude mouse xenografts [36]. In addition, ectopic expression of
cGK-I isoforms in the human colon carcinoma lines SW480 and SW620, which do
not express endogenous cGK-I, promoted anoikis [37]. A pro-apoptotic drug
exisulind, an inhibitor of cGMP phosphodiesterase PDE5, increased intracellular
cGMP levels in SW480 cells [38]. Furthermore, exisulind treatment resulted in
induction of cGK-Iβ protein expression in addition to enzyme activation. Thus, it is
highly likely that cGK activation is correlated with tumor cell apoptosis. Although
recent studies suggested the involvement of the oncogene β-catenin and c-jun
N-terminal

kinase

in

cGMP/cGK-induced

mechanism remains unknown.

7

apoptosis

[39–41],

the

detailed

Fig.4 cGMP/cGK signaling
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1.5. Tubulin and microtubule
Microtubules, which are composed of α/β tubulin heterodimers, are a major
component of the cytoskeleton. Microtubule dynamics (polymerization and
depolymerization)

are

regulated

by

the

coordinated

action

of

microtubule-stabilizing (eg, XMAP-215) [42] and microtubule-destabilizing factors
including microtubule depolymerizing factor (eg, kinesin-13) [43] and tubulin
sequestering factor (eg, stathmin) [44]. Microtubule plays a pivotal role not only in
cell migration and polarization but also in mitosis and the cell cycle, especially the
formation of the spindle apparatus.
Antimicrotubule agents including polymerizing (eg, paclitaxel) and depolymerizing
(eg, vinca alkaloid and nocodazole) agents interfere with these dynamic processes,
resulting in apoptotic cell death. Therefore, several antimicrotubule agents are used
as anticancer drugs [45]. Nocodazole is a well-known inhibitor of microtubule
polymerization and arrests cell-cycle at the G2/M phase. Disruption of microtubules
with nocodazole has been known to influence signal transduction events: for
example, disruption of the complex between Smads and microtubules [46], and
tubulin phosphorylation by cyclin-dependent kinase 1 [47].

Fig.5 Regulation of microtubule
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Chapter 2. Mechanism of DAPK2 regulation

2.1. Introduction
cGK has an anti-tumor activity such as induction of apoptosis and inhibition of
angiogenesis [32-34]. But, especially, mechanism for induction of apoptosis by cGK
is not fully understood. In this study, DAPK2 was identified as a novel substrate for
cGK-I using a protein microarray. cGK-I phosphorylated DAPK2 at Ser299, Ser367
and Ser368. Phosphorylation of DAPK2 at Ser299 enhanced its kinase activity.
Furthermore, overexpression of a phospho-mimic DAPK2 mutant, DAPK2 S299D,
strongly induced apoptosis in human breast cancer MCF-7 cells compared with
wild-type DAPK2. These findings highlight the importance of the cGK-I/DAPK2
signaling pathway in regulating apoptosis.

2.2. Materials and methods
2.2.1. Plasmid construction
cDNAs encoding mouse myosin light chain 2 (MLC2) and mouse DAPK2 were
cloned by PCR using the respective specific primers. PCR products were cloned into
TA-cloning vector pGEM-T Easy (Promega), and the inserted DNA sequences were
confirmed by DNA sequencing. A cDNA encoding for mouse DAPK2 was subcloned
into the mammalian expression vector pFLAG-CMV-2 (Sigma). A cDNA encoding for
mouse MLC2 was subcloned into a glutathione S-transferase (GST) expression
vector, pGEX (GE Healthcare). Site-directed mutagenesis was performed using
PrimeSTAR Mutagenesis Basal Kit (Takara Bio) according to the manufacturer’s
instructions. The mutation was confirmed by DNA sequencing analysis. The
10

sequences of primers that were used are DAPK2 S: gcggccgcggtccaggcctcgatgagg,
DAPK2 As: gtcgacttaggaggtactgctcctcc, MLC2 S: ggcaagctttcgagcaagagagccaaggcc,
MLC2

As:

agcttagtcgtccttgtccttggcgccgtc,

DAPK2

K52A

S:

tatgcagctgcgttcattaagaagaggcag, DAPK2 K52A As: aatgaacgcagctgcatactccagccccgt,
DAPK2 S299A S: agagaggccgtggtcaacctggagaat, DAPK2 S299A
gaccacggcctctctgcgtaccatagc,
DAPK2 S299D As:

DAPK2

S299D

S:

As:

agagaggacgtcgtcaacctggagaat,

gacgacctcctctctgcgtaccatagt,

DAPK2

S318A

S:

aagctagctttcagcatcgtctccttg, DAPK2 S318A As: gctgaaagctagcttccaccgcctgcg, DAPK2
S318E S:

aagctcgagttcagcatcgtctccttg,

gctgaactcgagcttccaccgcctgcg,
DAPK2

S367Δ

As:

DAPK2

S367Δ

DAPK2
S:

ggtacttcacctcctccgggggtgaag,

ttaggtgtcatccctcctccgggggtc

and

DAPK2

S318E

As:

aggaggtgaagtacctcctaagtcgac,
DAPK2

S367D/S368D

S367D/S368D/T369T

As:
As:

ttaatcgtcatccctcctccgggggtg.

2.2.2. Cell culture and transfection
COS-7 and MCF-7 cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, 100 units/ml penicillin and 100 μg/ml
streptomycin at 37 ºC in 5% CO2. Transfection was performed using Lipofectamine
2000 (Invitrogen), according to the manufacturer’s instructions.

2.2.3. Protein microarray
ProtoArray Human Protein Microarray Kinase Substrate Identification (KSI)
Complete Kit (Invitrogen) was used according to the manufacturer’s instructions.
After equilibration at 4 ºC for 15 min, the arrays were blocked with 1% bovine
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serum albumin in phosphate-buffered saline (PBS) for 2 h at 4 ºC. 120 μl of kinase
buffer [100 mM MOPS, pH 7.2, 1% Nonidet P40, 100 mM NaCl, 10 mg/ml BSA, 5
mM MgCl2, 5 mM MnCl2, 1 mM dithiothreitol and 10 μCi/μl of [γ-33P]ATP (33 nM
final concentration) (Perkin Elmer)] containing 50 nM purified bovine cGK-Ia
(Promega) and 5 μM cGMP was overlaid onto the array and incubated for 1 h at 30
ºC. As a negative control, buffer was overlaid onto the array. The arrays were
washed twice with 0.5% SDS and twice with H2O at room temperature, dried and
exposed to X-ray films. Radio-active spots were identified using GenePix Pro
(Molecular Devices).

2.2.4. In vitro kinase assay
In vitro phosphorylation by cGK-I was performed as previously described [48].
MLC2 was used as a substrate for a DAPK2 activity assay. GST–MLC2 fusion
protein was expressed in Escherichia coli and purified as previously described [48].
COS-7 cells transfected with pFLAG-DAPK2 wild type or mutant, were harvested
with TNE buffer (20 mM Tris–HCl pH 7.5, 150 mM NaCl, 1% NP-40 and 1 mM
EDTA) supplemented with protease inhibitors (10 μg/ml leupeptin and 10 μg/ml
aprotinin). Cell lysates were incubated with an anti-FLAG M2 antibody (Sigma)
and protein G Sepharose (GE Healthcare) overnight at 4 ºC. The beads were washed
three times with TNE buffer and twice with 50 mM Tris–HCl, pH7.5. The kinase
reaction was carried out by resuspending the complexes in 100 μl of kinase buffer
[50 mM Tris–HCl pH 7.5, 20 mM magnesium acetate, 100 μM or 50 μM ATP, 2 μCi
[γ-32P]ATP, phosphatase inhibitor cocktail (Nacalai Tesque) and 30 μg/ml purified
GST–MLC2] including either 100 mM CaCl2 and 10 nM CaM, or 5 mM EGTA, and
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incubated for 30 min at 30 ºC. Phosphorylated GST–MLC2 was separated by SDS–
PAGE and visualized with a BAS-1500 Bioimaging Analyzer (Fuji Film).
Quantitative densitometric analysis was performed using Image J.

2.2.5. Analysis of apoptosis
MCF-7 cells were co-transiently transfected with either FLAG-tagged DAPK2 wild
type or mutants and a green fluorescent protein (GFP) plasmid. Twenty-four hours
after transfection, cells were stained with Hoechst 33342 (Invitrogen) for 10 min at
37 ºC in 5% CO2. Cells were washed with PBS and fixed with 3.7% formaldehyde in
PBS for 30 min at room temperature. After washing with PBS, GFP-expressing cells
were observed with a fluorescence microscope (IX71, Olympus). The number of
apoptotic cells displaying both membrane blebbing and nuclear condensation was
counted and expressed as a percentage of the total cell number; a minimum of 50
randomly chosen cells were counted for each sample.

2.3. Results
2.3.1. Identification of putative substrates for cGK-I by protein microarray analysis
To identify novel cGK substrates implicated in inducing apoptosis, a human
protein microarray spotted with 1700 GST-tagged proteins in duplicate was used.
The microarrays were incubated with [γ-33P]ATP in the presence or absence of
cGMP/cGK-Ia. Spots A1–4 and J13–14 on both arrays were protein kinases that
were autophosphorylated in the presence of ATP (Fig. 6). Some spots with strong
signals were found on the array incubated with cGMP and cGK-Iα (Fig. 6B) as
compared with the control array (Fig. 6A). Spots F11–12, which were spotted with
13

GST–DAPK2, showed greater than 20-fold differences in their signal intensities.
DAPK2 is a Ca2+/CaM-dependent protein kinase belonging to the DAPK family [11].
This family consists of five members and acts as a positive regulator of apoptosis
[11–13, 49, 50]. Human DAPK2 possessed three potential phosphorylation sites,
RRES299, RRRS367 and RRSS368 for cGK (RR/KXS/T). These sequences are also
conserved in mouse and rat DAPK2. These results suggest that DAPK2 is a
putative substrate for cGK-I.
Amino acid sequence analysis of human DAPK1 indicated that DAPK1 also has
some potential phosphorylation sites for cGK, suggesting that DAPK1 is also
phosphorylated by cGK. However, the author missed to identify DAPK1 as a novel
substrate for cGK-I using protein microarray, because only small amount of GST–
DAPK1 protein (nearly one-tenth of GST–DAPK2 protein) was spotted (data not
shown).

14

Fig. 6. Identification of DAPK2 as a putative substrate for cGK-I by protein
microarray analysis. Human protein microarrays were incubated with [γ-33P]ATP in
the absence (A) or presence (B) of cGMP/cGK-Iα. After 30 min, the arrays were dried
and exposed to X-ray films. At positions A1–4 and J13–14, protein kinases were
autophosphorylated in the presence of ATP. Positions F11–12 were spotted with
GST–DAPK2.
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2.3.2. cGK-Ib phosphorylates DAPK2 at Ser299, Ser367 and Ser368
To confirm the protein microarray results, phosphorylation of DAPK2 by cGK in an

in vitro kinase assay was analyzed. COS-7 cells were transfected with FLAG-tagged
mouse

DAPK2

along

with

FLAG-tagged

cGK-Iβ.

Cell

lysates

were

immunoprecipitated with an anti-FLAG antibody, and the immunocomplex was
incubated with [γ-32P]ATP in the presence or absence of cGMP. As shown in Fig. 7A,
wild-type DAPK2 was phosphorylated even without cGMP and cGK-Iβ. These
results indicated that DAPK2 was autophosphorylated as reported previously [11,
50]. To detect cGMP/cGK-mediated phosphorylation of DAPK2, the author produced
a kinase-dead mutant, DAPK2 K52A, and assessed it with an in vitro kinase assay.
DAPK2 K52A was not autophosphorylated, but was efficiently phosphorylated by
cGK-Iβ in a cGMP-dependent manner (Fig. 7A). These data confirmed that DAPK2
was phosphorylated by cGK-I in vitro.
DAPK2 has three potential sites for phosphorylation by cGK: Ser299, Ser367 and
Ser368. To identify DAPK2 sites phosphorylated by cGK-I, the author created
phospho-resistant

mutants

for

these

sites.

Ser299

was

replaced

by

non-phosphorylatable Ala (DAPK2 K52A/S299A). Because DAPK2 is a protein
comprised of 370 amino acids and its Ser367 and Ser368 residues are close to the
C-terminal end, Ser367 was replaced by a stop codon, DAPK2 K52A/367Δ. As shown
in Fig. 7B, an in vitro kinase assay demonstrated that the phosphorylation of both
DAPK2 K52A/S299A and K52A/367Δ by cGK-Iβ were reduced compared with that of
DAPK2 K52A. Furthermore, cGK-Iβ failed to phosphorylate a triple mutant,
DAPK2 K52A/S299A/367Δ. These results suggest that cGK-I phosphorylates
DAPK2 at Ser299, Ser367 and Ser368.
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Fig. 7. cGK-I phosphorylates DAPK2
at Ser299, Ser367 and Ser368. (A and B)
FLAG-tagged DAPK2 wild type or
mutant was expressed in COS-7
cells

along

with

FLAG-tagged

cGK-Iβ. FLAG-tagged proteins were
immunoprecipitated and incubated
in

a

kinase

[γ-32P]ATP

buffer

containing

with or without cGMP. To

monitor the expression level of the
FLAG-tagged proteins, cell lysates
were blotted with an anti-FLAG
antibody.

2.3.3. Phosphorylation of DAPK2 at Ser299 by cGK-I increases its kinase activity
Next, affect of DAPK2 phosphorylation on its kinase activity was studied. Three
putative phosphorylation sequences (RRES299, RRRS367 and RRSS368) were
completely matched to the consensus motif for cGK (RR/KXS/T), RSST369 also
partially corresponded to this phosphorylation motif. Thus, three phospho-mimic
mutants were generated in which the putative cGK phosphorylation sites were
replaced

by

Asp:

DAPK2

S299D,

DAPK2

S367D/S368D

and

DAPK2

S367D/S368D/T369D. MLC2 was used as a substrate for DAPK activity as
previously described [13]. As shown in Fig. 8A, wild-type DAPK2 phosphorylated
GST–MLC2 in a Ca2+/CaM-dependent manner (3.4-fold increase). Interestingly, the
activity of the DAPK2 S299D mutant was significantly increased (two fold increase)
compared with that of the wild type in the presence of Ca2+/CaM, whereas the
activities of DAPK2 S367D/S368D and DAPK2 S367D/S368D/T369D mutants were
17

not changed. In addition, the DAPK2 S299D mutant showed a significantly high
activity even without Ca2+/CaM. The activity of another phospho-mimic mutant,
DAPK2 S299E, was also examined. As expected, the DAPK2 S299E mutant also
exhibited enhanced kinase activity like that of the DAPK2 S299D mutant (Fig. 8B).
These findings suggested that phosphorylation of DAPK2 at Ser299, but not at Ser367
and Ser368, stimulated its kinase activity independently of Ca2+/CaM.
A

previous

study

demonstrated

that

DAPK2

was

inactivated

by

autophosphorylated at Ser318, and that DAPK2 activation is required for
dephosphorylation of Ser318 [51]. To examine whether phosphorylation of Ser299
affects autoinhibition by phosphorylation at Ser318, DAPK2 S318E and DAPK2
S299D/ S318E mutants were created and these kinase activity were examined by in

vitro kinase assay. As shown in Fig. 8C, the DAPK2 S318E mutant was not
activated by Ca2+/CaM, consistent with a previous report [51]. On the other hand,
the kinase activity of the DAPK2 S299D/S318E double mutant was similar to that
of the DAPK2 S299D mutant and overcame the inhibitory effect of phosphorylation
at Ser318. These results suggested that DAPK2 phosphorylation at Ser299 increased
its kinase activity by a Ca2+/CaM-independent mechanism and also interfered with
the autoinhibitory mechanism resulting from phosphorylation at Ser318.
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Fig. 8. Phosphorylation of DAPK2 at Ser299 enhances its kinase activity. (A, B and
C) COS-7 cells were transiently transfected with FLAG-DAPK2 wild type or mutant.
FLAG-DAPK2 proteins were immunoprecipitated and used in an in vitro kinase
assay with recombinant GST–MLC2 as a substrate in the presence of either
CaCl2/CaM or EGTA. GST–MLC2 was separated on SDS–PAGE, after which the gel
was analyzed by Coomassie blue staining and a bioimaging analyzer. The relative
kinase activity of DAPK2 was quantified by densitometric analysis. The activity of
wildtype DAPK2 without Ca2+/CaM was taken as 1. All experiments were
performed three times independently. Results are expressed as means ± S.E.
Statistical significance was determined by Student’s t-test. *P < 0.05, **P < 0.01.
19

2.3.4. A phospho-mimic mutant DAPK2 S299D strongly induces apoptosis compared
with wild-type DAPK2
A previous study showed that DAPK2 overexpression induced apoptosis in various
cell lines, and that a dominant-negative DAPK2 mutant protected cells from
TNF-α-induced apoptosis [11]. These results suggested a strong association between
DAPK2 catalytic activity and apoptosis. In order to know role of DAPK2 in
apoptosis precisely, relationship effect of DAPK2 phosphorylation at Ser299 the
induction of apoptosis were investigated on human breast cancer MCF-7 cells. In a
previous study [17], apoptotic morphological changes, such as membrane blebbing
and nuclear condensation, were clearly observed in MCF-7 cells that were
transfected with DAPK2. MCF-7 cells were transiently transfected either DAPK2
wild type or mutants along with GFP. In GFP-expressing cells, the number of
apoptotic cells displaying both membrane blebbing and nuclear condensation was
counted. As shown in Fig. 9, overexpression of wild-type DAPK2 significantly
induced apoptosis, whereas a DAPK2 inactive mutant, S318E, induced fewer
apoptotic changes than wild type consistent with a previous report [51]. In
agreement with the data for kinase activity, forced expression of the phospho-mimic
mutant DAPK2 S299D resulted in a two fold increase in apoptotic cells compared
with wild-type DAPK2. In addition, the same result was observed for DAPK2
S299D/S318E-expresseing cells. These results suggested that cGK-I induced
apoptosis through DAPK2 phosphorylation.

20

Fig. 9. Phospho-mimic mutant DAPK2 S299D enhances apoptosis induction in
MCF-7 cells. pFLAG-DAPK2 wild type or mutant was transiently transfected into
MCF-7 cells along with pEGFP. After 24 h, cells were stained with Hoechst 33342
and fixed with formaldehyde. Fixed cells were observed under a fluorescence
microscope. The number of cells showing apoptotic morphologies was expressed as a
percentage of the total number of GFP-expressing cells counted. Experiments were
performed three times independently. Results are expressed as means ± S.E.
Statistical significance was determined by Student’s t-test. *P < 0.05, **P < 0.01.

2.4. Discussion
cGMP/cGK signaling can induce apoptosis in cancer cell lines and it has been
suggested that this signaling pathway could be a target for anti-cancer agents [32–
34]. However, the detailed signaling mechanisms remain unclear. In this study, the
author identified DAPK2 as a novel cGK substrate using protein microarray
technology. DAPK2 belongs to the DAPK family comprised of five kinases that share
a high sequence homology in their catalytic domains and are involved in apoptosis
induction. DAPK2 is a CaM-dependent serine/threonine kinase that is activated by
CaM in response to Ca2+ stimuli. In addition to its activation by Ca2+/CaM, DAPK2
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activity is also regulated by an autoinhibitory mechanism. By the mechanism called
a ‘‘double-locking’’ mechanism, DAPK2 is kept in an inactive state [51]. DAPK2
activation is required for dephosphorylation of an autophosphorylated residue
Ser318 within the CaM-binding domain. The negative charge of its phospho-Ser318
residue interacts with the positive charge of a Lys151 residue in its active site, which
results in the inhibition of CaM binding. This autoinhibitory mechanism is
necessary to prevent erroneous activation in response to random fluctuations in
cellular Ca2+ levels. The author found that DAPK2 phosphorylation at Ser299
increased its kinase activity in a Ca2+/CaM-independent manner and overcame the
autoinhibitory mechanism resulting from phosphorylation at Ser318. Because the
Ser299 residue phosphorylated by cGK-I is also located in the CaM-binding domain
and is close to the autophosphorylation Ser318 site, the author suggests that DAPK2
phosphorylation at Ser299 could disrupt the interaction between phospho-Ser318 and
Lys151 and promote Ca2+/CaM binding, thus triggering DAPK2 hyperactivation.
However, a CaM overlay assay revealed that a phospho-mimic mutation at Ser299
did not influence the binding of CaM to DAPK2 (data not shown). DAPK2 activity
has also been shown to be regulated by dimerization [51, 52]. This suggests that
other mechanisms may be involved in the hyperactivation of DAPK2 by Ser299
phosphorylation. DAPK1 and DAPK2 show high sequence homology in their CaM
binding domains and have conserved autophosphorylation sites [51, 53]. Sequence
alignments indicate that DAPK1 has a Ser289 residue corresponding to Ser299 in
DAPK2. Interestingly, a previous study showed that DAPK1 phosphorylation at
Ser289 by p90 ribosomal S6 kinase inhibited its pro-apoptotic activity in a non-tumor
cell line, HEK293E [54]. However, my findings may be supported by another study
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that showed that DAPK2 was activated via transphosphorylation of residue(s) other
than Ser318 by unidentified kinase(s) [51]. Because the autoinhibitory mechanism of
DAPK2 has been shown to be different from that of DAPK1 [52], phosphorylation at
Ser289 in DAPK1 and Ser299 in DAPK2 may exert opposite effects.
In cancer cell lines, the expression of DAPK2 is generally silenced by
hypermethylation of its promoter [13]. However, a previous report showed that
knockdown of oncogenic β-catenin by RNA interference induced DAPK2 expression
in a colon cancer cell line [55]. This cell line lacked a functional adenomatous
polyposis coli (APC) tumor suppressor protein. Although APC induces β-catenin
degradation in normal cells, which is dependent on phosphorylation by glycogen
synthase kinase 3β, its degradation is often blocked by loss-of-function mutations of
APC in carcinomas. On the other hand, cGMP/cGK signaling attenuates
β-catenin-mediated transcription but not β-catenin degradation in colon and breast
cancer cells, although the downstream target(s) directly regulated by cGK remain
unclear [39, 41]. Taken together, cGMP/cGK-I signaling may increase DAPK2
expression via suppression of β-catenin-mediated transcription and activate DAPK2
via phosphorylation at Ser299, resulting in induction of apoptosis in cancer cells.
In summary, DAPK2 was identified a novel cGK-I substrate implicated in
apoptosis

induction.

DAPK2

kinase

activity

was

regulated

by

its

trans-phosphorylation. Phosphorylation of DAPK2 at Ser299 enhanced its kinase
activity, which resulted in inducing apoptosis in MCF-7 cells.
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Chapter 3. Mechanism of apoptosis induction

3.1. Introduction
In this study, I identified β-tubulin as a novel DAPK2-interacting partner using a
pull-down and mass spectrometry approach.
During nocodazole-induced apoptosis, DAPK2 strongly interacted with tubulin.
Furthermore, the author found that DAPK2 knockdown resulted in a significant
suppression of nocodazole-induced apoptotic cell death. These findings showed that
DAPK2 mediates nocodazole-induced apoptosis through interaction with tubulin.

3.2. Materials and methods
3.2.1. Antibodies
Antibody against DAPK2 was purchased from Millipore. Anti-FLAG M2 antibody
was from Sigma. Anti-Strep antibody was purchased from Qiagen. Anti-α-tubulin
and anti-pan-14-3-3 antibodies were from Santa Cruz Biotechnology. Anti-PARP
antibody was purchased from Cell Signaling Technology. Anti-GST antibody was
purchased from Wako Pure Chemical Industries.

3.2.2. Plasmid construction
The expression plasmids pFLAG-DAPK2 and p105-DAPK2 encoding mouse
DAPK2 was described previously [15, 56]. cDNAs encoding human β-tubulin were
cloned by PCR using the respective specific primers. PCR products were cloned into
TA-cloning vector pGEM-T Easy (Promega), and the inserted DNA sequences were
confirmed by DNA sequencing. cDNA encodings for mouse DAPK2 and β-tubulin
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were subcloned into the mammalian expression vector pFLAG-CMV-2 (Sigma),
pEBG and pEXPR-IBA105 (IBA). Site-directed mutagenesis and deletion
mutagenesis were performed using PrimeSTAR Mutagenesis Basal Kit (TaKaRa
Bio) according to the manufacturer’s instructions. The mutation was confirmed by
DNA sequencing analysis. The sequences of primers that were used are DAPK2 CD
S:

cacgccgtagggatccgtggacacccagcaagcta,

tgtccacggatccctacggcgtgatccagggatgt,

DAPK2
DAPK2

cacgccgaagcttgtggacacccagcaagctat,

DAPK2

CD
ΔCD
ΔCD

As:
S:
As:

tgtccacaagcttcggcgtgatccagggatgtc, β-tubulin S: ccgcggtcagggaaatcgtgcacttg and
β-tubulin As: tctagactaggccacctcctcctcagcctc.

3.2.3. Cell culture, transfection and RNA interference
HeLa and HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, 100 units/ml penicillin and 100 μg/ml
streptomycin at 37 ºC in 5% CO2. Transfection and RNA interference was performed
using Lipofectamine 2000 (Invitrogen), according to the manufacturer’s instructions.
The synthetic small interfering RNA (siRNA) oligonucleotide for DAPK2 was
purchased from Sigma (ID# SASI_Hs01_00206405). A MISSION siRNA Universal
Negative Control #1 (Sigma) was used as the negative control. The target sequences
of DAPK2 siRNA is cgccggaatttgttgctccag. In the case of DAPK2 rescue experiment,
cells were transfected with pFLAG-DAPK2 after 24 hours of knockdown.
Nocodazole-treatment was performed after 24 hours of transfection or knockdown.

3.2.4. Protein identification by matrix-assisted laser desorption/ionization
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time-of-flight mass spectrometry (MALDI-TOF MS)
HeLa cells were transfected with p105-DAPK2. After 24 hours, cells were scraped
in cell lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% NP40, 1 mM EDTA,
10 mM leupeptin, and 10 mg/ml aprotinin). The cell extracts were centrifuged at
10,000 ×g for 10 min at 4 ºC, and the supernatants were incubated with
Strep-Tactin Sepharose (IBA) over night at 4 ºC. The beads were washed with wash
buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% NP40, and 1 mM EDTA), and
the bound proteins were eluted with 6 x SDS-loading buffer. The eluates were
resolved by 10% SDS-PAGE, followed by silver staining (Silver Staining MS Kit,
Wako Pure Chemical Industries). Subsequent protocol has been described
previously [15]. Briefly, the bands in the SDS-PAGE gel were cut off and destained
by de-staing solution (Wako Pure Chemical). The gels were dehydrated by 100%
acetonitrile and were dried using a centrifugal evaporator. After this, the gels were
reduced by reducing reagent (10 mM dithiothreitol and 25 mM ammonium
bicarbonate) at 56 ºC for 45 min. After reduction, the gels were alkylated by
alkylating reagent (55 mM iodoacetamide and 25 mM ammonium bicarbonate) for
30 min, After wash with 25 mM ammonium bicarbonate, the gels were dehydrated
(using 25 mM ammonium bicarbonate/50% acetonitrile followed by 100%
acetonitrile). Following the drying by centrifugal evaporator, trypsin digestion was
performed over night at 37 ºC. Trypsin-digested peptides were extracted and
desalted using C18 ZipTip (Millipore). The samples were mixed with the matrix,
and then spotted on AnchorChip sample target (Bruker Daltonics). The mass
spectra of peptides were acquired by MALDI-TOF MS (Autoflex Speed, Bruker
Daltonics). The mass spectra were processed using FlexAnalysis 3.3 and Biotools
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3.2 (Bruker Daltonics), and the generated data were analyzed using the Mascot
server (Matrix Science).

3.2.5. Co-immunoprecipitation and pull-down assays
For a Strep or GST pull-down assay, HEK293T or HeLa cells were co-transfected
with DAPK2s and β-tubulin. After 24 hours, cells were scraped in lysis buffer. Cell
lysates were incubated with Strep-Tactin or glutathione sepharose over night at 4
ºC. The bound proteins were analyzed by immunoblot analysis using anti-FLAG M2
antibody, anti-Strep antibody, and/or anti-GST antibody.

3.2.6. Apoptotic cell death assay
Apoptotic cell death was evaluated using Cell Death Detection ELISA (Roche)
according to the manufacturer’s instructions. After 24 hours of nocodazole
treatment, cells were harvested with incubation buffer. After centrifugation, cell
lysates were applied to 96 well plate coated by anti-histone antibody. Following
washing, an anti-DNA antibody conjugated to peroxidase was added to each well.
After washing, 2,2 -azino-bis(3-ethylbenzthiazoline)-6-sulfonic acid substrate
solution for peroxidase was added to induce a colored reaction product. The
absorbance of the samples was determined by using Infinite M200 plate reader
(Tecan) at 405 nm.

3.3. Results
3.3.1. Identification of β-tubulin as a novel binding partner to DAPK2.
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To understand the molecular mechanisms underlying DAPK2-induced apoptosis,
the author attempted to identify novel binding partners of DAPK2. The author
previously identified 14-3-3 proteins as interacting proteins of DAPK2 from human
breast cancer MCF-7 cells by combined Strep pull-down and MALDI-TOF MS. This
approach is very useful to identify interacting proteins [15]. In this study, the Strep
pull-down approach was performed using human cervix epithelial HeLa cells
instead of MCF-7 cells. HeLa cells endogenously express DAPK2 protein (Fig. 11C),
and a previous report has shown that overexpression of constitutively active
DAPK2 in HeLa cells induces apoptosis [17]. Furthermore, HeLa cells can be
transiently transfected with high efficiency and high expression levels as compared
with MCF-7 cells. Threfore, HeLa cells are suggested to be suitable cells for
identification of

novel DAPK2-interacting proteins playing a significant role in

apoptosis. After transfection into HeLa cells with Strep-tagged DAPK2, cell lysates
were subjected to Strep pull-down, followed by SDS-PAGE and silver staining. As
shown in Fig. 10A, the specific protein bands at 30, 31, 44, 55 and 88 kDa were
found in the precipitates from cells transfected with Strep-DAPK2 as compared
with those from control cells. The bands at 44 and 88 kDa are close to the molecular
masses of the Strep-tagged DAPK2 and its SDS-resistant dimer, respectively. On
the other hand, two bands at 30 and 31 kDa corresponding to 14-3-3 proteins were
identified, consistent with the author’s previous study [15]. Therefore, the 55-kDa
band were excised and analyzed by MALDI-TOF MS after in-gel tryptic digestion.
The analysis showed that a 55-kDa protein is β-tubulin (Fig. 10B and 10C). To
confirm the interaction between DAPK2 and β-tubulin, the author performed a
Strep pull-down experiment using lysates prepared from HEK293T cells expressing
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Strep-tagged DAPK2 and FLAG-tagged β-tubulin. As shown in Fig. 11A,
Strep-DAPK2 specifically interacted with FLAG-β-tubulin.
In the cell, most β-tubulin forms a heterodimer with α-tubulin. Next, the author
investigated the interaction between DAPK2 and α-tubulin. HEK293T cells were
transfected with either Strep-DAPK2 or Strep vector. After the Strep pull-down
assay, the precipitated proteins were analyzed by Western blot analysis with
anti-α-tubulin antibody. As shown in Fig. 11B, Strep-DAPK2 interacted with not
only β-tubulin but also α-tubulin, indicating that DAPK2 interacts with α/β-tubulin
heterodimer. Furthermore, the author examined the endogenous interaction
between DAPK2 and β-tubulin. Endogenous expression of DAPK2 protein in HeLa
cells was confirmed by knockdown analysis using siRNA (Fig. 11C). Subsequently,
the author performed immunoprecipitation using the cell lysates from HeLa cells
followed

by

Western

blotting

with

anti-β-tubulin

antibody.

When

immunoprecipitated with anti-DAPK2 antibody, β-tubulin was detected (Fig. 11C,

IP: DAPK2). On the other hand, control IgG did not precipitate β-tubulin (Fig. 11C,
IP: IgG). These results support that DAPK2 and β-tubulin are physiologically
interacting partners.

29

Fig. 10. Identification of β-tubulin as a binding protein for DAPK2. (A) HeLa cells
were transfected with either Strep empty vector or Strep-DAPK2. After 24 hours,
cells were scraped in lysis buffer and were used for Strep pull-down assay. The
bound proteins were resolved by SDS-PAGE, followed by silver staining. (B)The
results of MS are shown. Number of fragment is the same that is shown 10C. (C)
Amino acid sequences of tubulin are shown. The gray regions were identified by MS.
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Fig11. Tubulin binds to DAPK2. (A and B) HEK293T cells were transfected with
Strep-DAPK2 with or without FLAG-β-tubulin. The cell lysates were pulled down
with Strep-Tactin (PD: Strep), followed Western blot analysis using anti-FLAG (A,

WB: anti-FLAG) or anti-α-tubulin antibodies (B, WB: anti-α-tubulin). Protein
expression was confirmed by Western blot analysis of total cell lysates ( Input). (C)
HeLa cells were transfected with siRNA against DAPK2 or negative control siRNA
(Neg). The cell lysates were immunoprecipitated using either anti-DAPK2 antibody
(IP: DAPK2) or normal rabbit IgG (IP: IgG). The immunoprecipitates were analyzed
by Western blot analysis using anti-β-tubulin or anti-DAPK2 antibodies. The
endogenous expression of β-tubulin and DAPK2 was confirmed by Western blot
analysis of HeLa cell lysates with the appropriate antibodies (Input). NS indicates a
nonspecific band. All experiments were performed multiple times with similar
results.
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3.3.2. β-Tubulin interacts with monomeric but not dimeric DAPK2.
To identify the region of DAPK2 that interacts with β-tubulin, interaction of
deletion mutants of DAPK2; the DAPK2 catalytic domain (DAPK2 CD) and the
C-terminal region lacking the catalytic domain (DAPK2 ΔCD) (Fig. 12A) with
β-tubulin were analyzed by GST pull-down assay. As shown in Fig. 12B, the author
confirmed that GST-fused full-length DAPK2 (GST-DAPK2 WT) interacted with
Strep-β-tubulin. Although DAPK2 ΔCD could bind to β-tubulin, DAPK2 CD could
not, suggesting that DAPK2 interacts with β-tubulin via its C-terminal region
(amino acids 288-370). The C-terminal region of DAPK2 mediates its homodimer
formation [51, 54], and additionally contains 14-3-3 binding region [15, 57]. These
results suggest that the interaction between DAPK2 and β-tubulin may influence
the homodimer formation and/or 14-3-3 interaction. Thus, two FLAG-tagged
DAPK2 mutants (DAPK2 Δ367 and DAPK2 T369A) were prepared. DAPK2 Δ367
mutant cannot form a homodimer and interact with 14-3-3 proteins, and DAPK2
T369A mutant shows only weak binding to 14-3-3 proteins [15]. By Strep pull-down
experiments, the binding of Strep-β-tubulin to these mutants was analyzed.
Although FLAG-tagged DAPK2 wild type (FLAG-DAPK2 WT) formed a homodimer,
Strep-β-tubulin specifically interacted only with monomeric DAPK2 (Fig. 12C). On
the other hand, DAPK2 Δ367 and DAPK2 T369A displayed no or little dimerization
and binding to β-tubulin. These results suggested that binding of dimeric DAPK2 to
tubulin may be interfered with by its conformation and/or other binding proteins,
although the C-terminus of DAPK2 is required for interaction with β-tubulin.
Additionally, although the author examined the DAPK2/β-tubulin complex binding
to 14-3-3 proteins, the interaction could not be detected, showing that 14-3-3
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proteins may not be able to recognize the DAPK2/β-tubulin complex.

Fig. 12. β-Tubulin interacts with the C-terminal region of DAPK2. (A) Schematic
representations of DAPK2 and its mutants are shown. (B) Strep-β-tubulin was
co-expressed with GST-DAPK2 wild type (WT) or its deletion mutants (DAPK2 CD
and DAPK2 ΔCD) in HEK293T cells. The cell lysates were pulled down with
glutathione-Sepharose and analyzed by Western blotting using anti-Strep antibody.
(C) HEK293T cells were transfected with FLAG-DAPK2 wild type (WT) or its
mutants together with Strep-β-tubulin. Cell lysates were pulled down with
Strep-Tactin (PD: Strep), followed Western blot analysis using anti-FLAG or
anti-14-3-3 (pan) antibodies. Protein expression was confirmed by Western blot
analysis of total cell lysates with the appropriate antibodies (Input). All
experiments were performed multiple times with similar results.
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3.3.3. Role of DAPK2 in nocodazole-induced apoptosis.
Because microtubule dynamics play a pivotal role in many cellular functions, their
disruption results in apoptotic cell death. Nocodazole has long been used as a
standard microtubule depolymerising agent, and causes apoptosis in various cells.
The author investigated whether DAPK2 is involved in apoptosis induced by
nocodazole. In apoptotic cells, PARP (116 kDa) is cleaved by caspases into 89- and
25-kDa fragments [58]. The author examined the level of an apoptotic marker,
cleaved PARP, by Western blotting with the antibody which recognizes both the 116
kDa intact form and the 89 kDa fragment of PARP. Treatment of HeLa cells with 0.1
μg/ml nocodazole led to a 5-fold increase in ratio of cleaved PARP-to-uncleaved
PARP (Fig. 13A), confirming that nocodazole induces apoptosis in HeLa cells. In
DAPK2 knockdown cells, cleavage of PARP triggered by nocodazole was
significantly reduced, but not completely. These results were further confirmed by
using another apoptosis assay, which is determined by measuring cytoplasmic
histone-associated DNA fragments (Fig. 13B), showing that DAPK2 partially
mediates nocodazole-induced apoptosis. Finally, the author investigated whether
DAPK2-tubulin interaction is associated with nocodazole-induced apoptosis. As
shown in Fig. 14, Strep pull-down analysis using the cells treated with nocodazole
revealed that DAPK2-tubulin interaction was extremely enhanced by nocodazole
treatment.
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Fig. 13. DAPK2 partially mediates nocodazole-induced apoptosis. (A) HeLa cells
were transfected with DAPK2 siRNA or negative control siRNA. After 24 hours
transfection, cells were treated with 0.1 or 1 μg/ml nocodazole or DMSO as a control
for 24 hours. Total cell lysates were subsequently analyzed by Western blot analysis
using anti-PARP or anti-DAPK2 antibodies. The bands of full-length and cleaved
PARP were quantitated using Image J software. The ratio of cleaved
PARP/full-length PARP is showed in the graph. Results are expressed as means ±
S.E. of three different experiments, and statistical significance was determined by
Student’s t-test. NS indicates a nonspecific band. (B) HeLa cells transfected with
DAPK2 siRNA or negative control siRNA were exposed to DMSO (control, -) or
nocodazole (0.1 and 1 μg/ml) for 24 hours. The quantitative determination of
cytoplasmic histone-associated DNA fragments was conducted using a Cell Death
Detection ELISA Kit. Results were expressed as fold induction relative to the values
obtained from negative control siRNA-transfected cells treated with DMSO (opened

bar). The data shown are the means ± S.E. derived three independent experiments,
and statistical significance was determined by Student’s t-test.
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Fig. 14. Nocodazole-treatment enhanced DAPK2-β-tubulin interaction. HEK293T
cells transfected with Strep-DAPK2 in combination with FLAG-β-tubulin were
treated with 1 μg/ml nocodazole or DMSO as a control for 10 hours. The cell lysates
were used for Strep pull-down experiments. Protein expression was confirmed by
Western blot analysis using the appropriate antibodies. Similar results were
obtained in two additional experiments. The experiment was performed multiple
times with similar results.

3.4. Discussion
Although the DAPK family shows high homology in the N-terminal catalytic
domain, the C-terminal regulatory domains are different from each other. Therefore,
it is suggested that the C-terminal regions define their physiological functions via
different interacting partners and/or specific subcellular localization. The
C-terminal region of DAPK2 contains a CaM binding domain and a 40-amino acid
C-terminal tail, which shows no homology to other DAPK family members and
mediates its homodimerization. Moreover, the author’s and others recent studies
[15, 57] showed that 14-3-3 proteins binds to the serine/threonine-rich sequence in
the C-terminal tail of DAPK2 in a phosphorylation-dependent manner and
suppressed its kinase activity and subsequently apoptosis, suggesting unique
regulation of DAPK2 by 14-3-3 proteins. In this study, the author identified
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β-tubulin as a novel DAPK2-interacting partner from HeLa cells, using a combined
pull-down and MS approach. Only monomeric but not dimeric DAPK2 bound to
α/β-tubulin heterodimers via its unique C-terminal region. Structural analysis
indicated that the monomerization of DAPK2 is necessary for enzymatic activation
[54], suggesting that monomeric DAPK2 bound to tubulin is enzymatic active. Thus,
the author examined the involvement of DAPK2 in microtubule disruption-induced
apoptosis. Although the microtubule polymerization inhibitor nocodazole, which
elevates intracellular Ca2+ concentration [59], induced apoptosis, siRNA-mediated
silencing of the DAPK2 gene significantly suppressed the induction of apoptosis.
Additionally, nocodazole promoted the formation of the DAPK2-tubulin complex.
DAPK2 phosphorylated by the survival kinase Akt is associated with 14-3-3
proteins in growing cells, while Ca2+/CaM-regulated protein phosphatase,
calcineurin, dephosphorylates DAPK2, resulting in dissociation from 14-3-3
proteins [15]. Taken together, monomeric DAPK2 released from 14-3-3 proteins by
nocodazole treatment, may bind to α/β-tubulin heterodimers and induce apoptotic
cell death, maybe via phosphorylation of proteins regulating microtubule dynamics.
Dynamics of microtubules, which are composed of α/β tubulin heterodimers, are
regulated

by

microtubule-stabilizing

and

microtubule-destabilizing

factors.

Although phosphorylation of these factors contributes to regulation of microtubule
dynamics, phosphorylation of tubulin itself is also involved. Cyclin-dependent
kinase 1 phosphorylates β-tubulin, and phosphorylated β-tubulin regulates
microtubule dynamics during mitosis [47]. Therefore, the author examined whether
DAPK2 also phosphorylates β-tubulin. However, an in vitro kinase assay revealed
that DAPK2 failed to phosphorylate β-tubulin, although MLC2, which is an
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established substrate for DAPK2, was phosphorylated (data not shown). On the
other hand, DAPK1 regulates the microtubule-associated protein tau through tau
Thr231 and Pin1 phosphorylation, resulting in inhibition of microtubule assembly
[60]. DAPK1 inhibits the prolyl isomerase activity of Pin1 through phosphorylation
at Ser71 (-QSRRPS71S). A more recent study showed that the phospho-RXRXXpS/T
antibody detected a binding partner of target of rapamycin Raptor when it was
phosphorylated by DAPK2 [30], suggesting that DAPK2 may specifically recognize
and

phosphorylate

the

sequence

RXXpS/T.

DAPK2

may

also

regulate

microtubule-associated proteins including tau via phosphorylation of Pin1 at Ser71,
leading to regulation of microtubule dynamics.
In conclusion, the author identified tubulin as an interacting partner of DAPK2.
DAPK2 is involved in nocodazole-induced apoptosis (maybe via regulation of
microtubule dynamics). Further investigations on not only interacting partners but
also substrates of DAPK2 will elucidate the molecular mechanisms underlying
DAPK2-induced apoptosis.
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Chapter 4. Summary

The death-associated protein kinase (DAPK) family including DAPK1 and DAPK2
is a group of highly related serine/threonine kinases that are associated with a wide
spectrum of apoptosis signals. But, mechanisms of cell apoptosis induction and
regulations of the family, especially DAPK2, are not clear. In this study, the author
focused on DAPK2 regulation and mechanism of DAPK2-induced apoptosis.
First, the author identified DAPK2 as a substrate of cGMP-dependent protein
kinase (cGK). cGK has apoptosis inducibility, but substrates of cGK in apoptosis
induction are not well known. The author performed global analysis using protein
microarray, and identified DAPK2 as a novel substrate of cGK. cGK phosphorylate
DAPK2 at Ser299, Ser367 and Ser368. Phosphorylation of DAPK2 Ser299 elevates its
kinase activity.

Phosphorylation of the residue can cancel autoinhibition by

autophosphorylation. Moreover, phospho-mimic mutant DAPK2 S299D has 2-fold
apoptosis inducibility compared with wild type in human breast cancer MCF-7 cells.
Thus, cGK induces apoptosis via DAPK2 activation by phosphorylation.
Second, the author tried to reveal mechanism of DAPK2-induced apoptosis. The
author identified β-tubulin as a novel interaction partner of DAPK2 in HeLa cells.
β-tubulin is a one of component of microtubule. Polymer of α/β tubulin heterodimers
is microtubule. DAPK2 binds β-tubulin via C-terminal region of DAPK2. Nocodazole,
is an apoptosis inducer, is an inhibitor of α/β tubulin polymerization.
DAPK2-β-tubulin interaction is enhanced by nocodazole-treatment. Furthermore,
knockdown of DAPK2 inhibits nocodazole-induced apoptosis. Thus, DAPK2
mediates nocodazole-induced apoptosis through interaction with β-tubulin.
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