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The  role  of cytoskeleton-associated  proteins  during  TNF-induced  apoptosis  is  not  fully  understood.
A  potential  candidate  kinase  that  might  connect  TNF  signaling  to  actin  reorganization  is the death-
associated  protein  kinase  (DAPK).  To identify  new  DAPK  interaction  partners  in TNF-induced  apoptosis,
we  performed  a  peptide  array  screen.  We  show  that TNF-treatment  enhanced  the  phosphorylation  of
LIMK  at  threonine508  and  its  downstream  target  cofilin  at serine3  (p-cofilinSer3). Modulation  of  DAPK
activity  and  expression  by DAPK  inhibitor  treatment,  siRNA  knockdown,  and  overexpression  affected
the  phosphorylation  of both  proteins.  We propose  a 3D  structural  model  where  DAPK  functions  as a
scaffold  for  the  LIMK/cofilin  complex  and  triggers  a  closer  interaction  of  both  proteins  under  TNF  stim-
ulation.  Upon  TNF  a striking  redistribution  of  LIMK,  DAPK,  and  cofilin  to  the  perinuclear  compartment
ofilin
poptosis

was  observed.  The  pro-apoptotic  DAPK/LIMK/cofilin  multiprotein  complex  was  abrogated  in detached
cells,  indicating  that its signaling  was  no longer  needed  if cells  committed  to apoptosis.  P-cofilinSer3 was
strongly  accumulated  in cells  with  condensed  chromatin,  pronounced  membrane  blebs  and  Annexin  V
up-regulation.  From  studying  different  cofilinSer3 mutants  we  suggest  that p-cofilinSer3 is an  indicator
of  TNF-induced  apoptosis.  Collectively,  our findings  identify  a  novel  molecular  cytoskeleton-associated
mechanism  in  TNF-induced  DAPK-dependent  apoptosis.
. Introduction

Tumor necrosis factor (TNF) is a pro-inflammatory mediator
ith the capacity to induce apoptosis (Benderska et al., 2012).
ecent reports have shown that TNF might trigger cell death,
t least in part, by directly affecting the reorganization of the
ctin cytoskeleton (Campos et al., 2009). The most apparent con-
equences of TNF-induced apoptosis are drastic changes in cell
orphology – such as the rounding-up of the cell and blebbing
f the plasma membrane (Mathew et al., 2009; Scanlon et al.,
989). Nevertheless, the responsible cytoskeletal proteins and their
ignaling pathways are not well understood.
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A potential candidate kinase that might connect TNF signaling
to actin reorganization during cell death is the death-associated
protein kinase (DAPK), a calmodulin-regulated and actin filament-
associated serine/threonine kinase (Deiss et al., 1995). DAPK is
known to exert tumor-suppressive functions, and this has been
attributed to its apoptosis-promoting activity (Deiss et al., 1995;
Inbal et al., 1997, 2000; Kögel et al., 2003; Raveh and Kimchi, 2001).
DAPK exerts this pro-apoptotic effect by inside-out inactivation of
integrin �1, thereby suppressing the matrix survival signal and acti-
vating a p53-dependent apoptosis pathway (Wang et al., 2002). It
also participates in TNF- and Fas-induced apoptosis (Cohen et al.,
1997). However, despite of a broad involvement in different cell
death systems, very little is known about DAPK’s role in cytoskeletal

reorganization.

DAPK’s localization to specific cytoskeletal components might
bring it into close proximity with its physiological substrates. One
known cytoskeletal-associated substrate of DAPK is the myosin-II

dx.doi.org/10.1016/j.biocel.2013.05.013
http://www.sciencedirect.com/science/journal/13572725
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by trypsinisation and washed twice with PBS. 1 × 106 cells were
stained with 100 �l annexin V/PI solution (20 �l FITC-conjugated
J. Ivanovska et al. / The International Journal of

ight chain (MLC), which has previously been shown to be phospho-
ylated by DAPK, thus stabilizing actin stress fibers (Cohen et al.,
997; Kuo et al., 2003). Moreover, paxillin, a component of focal
dhesions, was found to be localized in close proximity to the tips
f the DAPK-positive filaments, indicating that stress fibers contain-
ng DAPK extend to focal contacts (Bialik and Kimchi, 2004, 2006).
ecently we have shown that activation of the p38/DAPK complex

nduces caspase3-dependent apoptotic cell death under TNF stimu-
ation (Bajbouj et al., 2009). The signaling molecules involved in the
NF-mediated downstream pathway between DAPK and caspase3
ave not yet been identified. We  performed a phospho-peptide
rray to test for cytoskeleton-associated proteins that might inter-
ct with DAPK under TNF stimulation. We  found that cofilin1
howed a marked increase in phosphorylation at serine3 residue
n response to TNF. Cofilin1 is a key regulator of actin filament
ynamics and reorganization by stimulating depolymerisation and
evering of actin filaments (Bamburg et al., 1999; Bernstein and
amburg, 2010; Moon and Drubin, 1995; Pollard and Borisy, 2003).
he activity of cofilin is reversibly regulated by phosphoryla-
ion and dephosphorylation at serine3, with the phosphorylated
orm being inactive. LIM kinase1 (LIMK1) phosphorylates cofilin
nd thereby inhibits its actin filament-disrupting activity (Arber
t al., 1998; Yang et al., 1998). The inactive serine3-phosphorylated
ofilin (p-cofilinSer3) is dephosphorylated and reactivated by phos-
hatases of the Slingshot family and by Chronophin (Gohla et al.,
005; Niwa et al., 2002). LIMK1-mediated cofilin phosphorylation

s critically involved in a variety of physiological and pathological
rocesses, including directional migration, chemotaxis, cell polar-

ty and tumor invasion (Aizawa et al., 2001; Kobayashi et al., 2006;
ouneimne et al., 2006; Nishita et al., 2005; Yoshioka et al., 2003).

ts role in apoptosis, however, is not well investigated.
Using a biochemical and cell biological approach we  identified

 DAPK1/LIMK1/cofilin1 pro-apoptotic multi-protein complex. We
uggest that DAPK acts as a scaffold protein for the LIMK/cofilin
omplex under TNF stimulation. Our findings elucidate a molecu-
ar mechanism that connects TNF-induced DAPK activation to the
rofound actin cytoskeletal rearrangements typical of apoptotic
ells.

. Materials and methods

.1. Cell culture and reagents

Human colon tumor cell line HCT116 (ATCC, Manassas, VA)
as maintained in RPMI with 10% fetal bovine serum, penicillin

100 U/ml), and streptomycin (100 �g/ml). Cells were incubated at
7 ◦C in a humidified atmosphere of 5% CO2. Cells were stimulated
ith 0.66 ng/ml TNF (Immunotools) in RPMI medium for 1, 6, 24,

8 and 72 h, as described previously (Bajbouj et al., 2009). The un-
timulated cells cultured for 24 h were considered as the control.
APK1 inhibitor (4Z)-2-phenyl-4-(pyridin-3-ylmethylidene)-4,5-
ihydro-1,3-oxazol-5-one (MolPort). Cells were pre-treated for
0 min  with 25 �M DAPK inhibitor.

.2. Western blotting

The protein concentrations were measured with Bio-Rad
C protein Assay (BioRad Laboratories). Equal protein content

30 �g) of cell lysates were separated on denaturing SDS-PAGE
nd transferred onto nitrocellulose membrane and then probed
ith antibodies as indicated. Antibodies used were: Anti-DAPK
BD Transduction Laboratories), anti-phospho DAPKSer308 (Sigma),
nti-LIMK1, anti-phospho LIMK1Thr508, anti-cofilin1 (Santa Cruz
iotechnology), anti-phospho cofilin1Ser3, anti-caspase3, anti-
aspase8, anti-caspase9 (Cell signaling), and with secondary
emistry & Cell Biology 45 (2013) 1720– 1729 1721

antibodies (anti-mouse, anti-goat or anti-rabbit IgG peroxidise con-
jugated; Pierce). Bound antibodies were visualized using West Pico
chemiluminescent substrate (Pierce) according to the manufac-
turer’s instructions. Immunobloting with anti-GAPDH was used to
control equal loading and protein quality. Images were performed
using GeneGnome (Syngene). Image J analysis software (version
1.45s) was used to quantify band intensities.

2.3. Immunoprecipitation

HCT116 cells were lysed in RIPA lysis buffer (50 mmol/l Tris–HCl
pH 8150 mmol/l NaCl, 1%NP40) containing 1 mmol/l phenyl-
methylsulfonyl fluoride and 1:100 of Protease Inhibitor Cocktail
Set III (Calbiochem) at 4 ◦C for 15 min  and were sonicated. Cell
debris was removed after centrifugation and protein contents were
estimated using the Bradford method. For immunoprecipitation,
lysates were incubated with magnetic beads Protein G Dynabeads
(Invitrogen) according to manufacturer’s instructions and with
anti-DAPK, anti-LIMK1 and anti-cofilin1 antibodies. Protein G Dyn-
abeads incubated with antibody without lysate were considered
as IgG control. Protein separation was  performed by SDS-PAGE gel
electrophoresis, followed by Western blotting procedure.

2.4. Plasmids, transfections, mutagenesis and si RNA

Full length LIMK construct was in pcDNA-3 and human cofilin
1 was  cloned in pCMV6 – His6 (C-terminal) via Kpn I and Cla
I (Promega, Madison, WI,  USA), pRK5F–DAPK expression vec-
tor was a gift from Dr. Ruey-Hwa Chen (Institute of Molecular
Medicine, National Taiwan University Hospital, Taipei, Taiwan).
Transient transfection was performed using Invitrogen’s lipofec-
tamin 2000 according to the manufacturer’s recommendations.
Briefly, HCT wt cells were grown in six-well plates and trans-
fected using 0.5–2 �g of plasmid cDNA. Medium was changed 4–6 h
after transfection. Transfected cells were grown in the presence
or absence of 0.66 ng/ml TNF for 6 and 24 h. Appropriate empty
vector without TNF-treatment was  used as a transfection nega-
tive control. Site-directed mutagenesis was  performed by PCR on
plasmid DNA for cofilin1 construct and verified by sequencing.
Cofilin1Ser3 mutants were obtained by substitutions of the indi-
cated amino acid residue by alanine, glutamic and aspartic acid.
Primers containing phosphate group on the 5′end were used: Ala3
5′-Pho-GCCGGTGTGGCTGTCTCTGATGGT-GTCATCAAGGT-3′; Glu3
5′-Pho-GAGGGTG TGGCTGTCTCTGATGGTGTCATCAAGGT-GTT-3′;
Asp3 5′-Pho-GACGGTGTGGCTGTCTCTGATGGTGTCATCAAGGTGTT-
3′ (Metabion). All siRNA reagents were obtained from Thermo
Fisher Scientific (Dharmacon RNAi Technologies). DAPK- or LIMK-
specific siRNA were used at final concentration of 25–100 nM.
DharmaFECT transfection reagent was  used for 24 h for transfec-
tion of siRNA on sub-confluent cells, according to manufacturer’s
instructions.

2.5. Annexin V/Propidium Iodide (PI) staining

Apoptosis was  assessed used Annexin-V-FLUOS kit (Roche Diag-
nostic GmbH). Cells were transfected as described above for 24 h
and stimulated with 0.66 ng/ml TNF for 24 h. At the end of the incu-
bation period, floating as well as adherent cells were harvested
annexin V reagent (20 �g/ml) + 20 �l PI reagent (50 �g/ml in 1 ml
of dilution/HEPES buffer) for 15 min  at RT in dark. Cell suspension
was diluted by adding appropriate amount of dilution buffer and
analyzed using FACS Calibur flow cytometer (BD).
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.6. Immunofluorescence analysis and microscopic observation

HCT116 cells grown on glass coverslips were either treated
ith TNF for 24 and 48 h or untreated, and then fixed in 3% para-

ormaldehyde for 15 min  followed by incubation with 0.2% Triton
-100 for 5 min  at room temperature and washed with PBS. Fixed
ells were incubated with blocking buffer 1% BSA in PBS and then
mmunofluorescence staining was performed with anti-phospho
ofilin1Ser3 (1:500), anti-cofilin (1:500), anti-phospho-LIMKThr508

1:500), anti-LIMK (1:500) and anti-DAPK (1:250). To detect
poptosis the FITC-conjugated annexin V reagent from Annexin-V-
LUOS kit (Roche Diagnostics) was used. Appropriate Alexa Fluor
88-, 647-or 555-conjugated secondary antibodies (Invitrogen)
ere used at 1:500. Cells were mounted on slides with ProLong
old antifade reagent with DAPI (Invitrogen) according to manu-

acturer’s instructions. Immunofluorescence images were acquired
n an inverted microscope Nikon eclipse Ti-U (Tokyo, Japan) using
0× air and 100× oil objective lens (Nikon). Confocal images for
ofilin, p-cofilinSer3, LIMK, pLIMKThr508 and DAPK staining were
btained on a Confocal Laser Scanning Microscopy system (LSM
-PMT Observer Z1, Carl Zeiss Inc.), with a 63× oil objective.

.7. Structural analysis of DAPK1–LIMK1–cofilin1 complex

To understand the interactions between cofilin1 and LIMK1,
he structures of these proteins deposited in the PDB (cofilin:
Q8G- NMR  structure of human cofilin; LIMK1: 3S95- Xray struc-
ure of the kinase domain (residue 330–637) of human LIMK1 at
.65 Å resolution) were considered (Beltrami et al., 2013; Pope
t al., 2004). The docking, energy filtering and ranking of the com-
lexes of these two structures were done by the ClusPro server
http://nrc.bu.edu/cluster) (Kozakov et al., 2010). The catalytic
omain of DAPK1 (PDB: 1JKS – X-ray structure of the catalytic
omain of human DAPK at 1.5 Å resolution) was then docked to
he complex of cofilin and LIMK1 and ranking was done using
lusPro server (Tereshko et al., 2001). In both cases, the top 1000
tructures were chosen after energy filtering (electrostatics), clus-
ered and ranked according to cluster sizes. The cluster scores of
he complexes from the ClusPro server were used to understand

he energy profiles of the LIMK1–cofilin complex and that of the
APK–LIMK1–cofilin complex. The hydrogen bond interactions in

he LIMK1–cofilin complex were analyzed using HBOND Calcula-
or (http://cib.cf.ocha.ac.jp/bitool/HBOND/) and are summarized in

able 1
a) and (b) Analysis of interactions in the cofilin–LIMK docked complex and the cofilin–LI

(a) Cofilin–LIMK complex

Residue in cofilin Residue in LIMK

Alanine 2 Tyrosine 507
Lysine 112 Serine 453
Glutamine 107 Lysine 386

(b)  Cofilin–LIMK–DAPK complex

Residues in cofilin Residues in LIMK 

Alanine 2 Tyrosine 507
Lysine 112 Serine 453
Lysine 112 Asparagine 455
Glutamine 107 Lysine 386

Aspartate 568 

Arginine 569
Proline 573 

Asparagine 574 

Glutamate 601 

Histidine 602 

Arginine 626 

Arginine 633 
emistry & Cell Biology 45 (2013) 1720– 1729

Table 1a. All renderings were performed using CHIMERA (Petsko
and Ringe, 2004).

2.8. Peptide array

HCT116 human colorectal tumor cells were cultured for 6–72 h
in either normal or TNF-conditioned medium. Kinase substrates
(11 amino acid peptides) dotted as triplicates on a PepChip kinase
full slide array (Pepscan) were radioactively labeled by incuba-
tion with cellular lysates supplemented with �-33P-ATP for 2 h
at 37 ◦C according to the manufacturer’s instructions (Pepscan).
This allowed kinase profiling by screening of 1024 substrates in
triplicates.

2.9. Analysis of fluorescence intensities

Hoechst 33342 and p-cofilinSer3 stained fluorescent images
were background corrected and normalized to the maximum inten-
sity. Hoechst images were binarized, and the average fluorescence
intensity and the center position of each nucleus were computed.
The average p-cofilinSer3 fluorescence intensity of each cell was
measured within a radius of 3 �m around the center of the detected
nuclei.

2.10. Statistical analysis

Statistical analyses were accomplished using ANOVA test per-
formed with software programme SPSS (SPSS Inc.). Statistical
significance was defined as P ≤ 0.05.

3. Results

3.1. LIMK/p-cofilinSer3 pathway is activated in TNF-treated HCT116 cells

Recently, we  have identified a pro-apoptotic role of the cytoskeleton-associated
protein DAPK in TNF-induced apoptosis (Bajbouj et al., 2009). In order to identify
new potential interaction partners of DAPK after TNF-treatment, we performed a
phospho-peptide array. This array revealed more than 100 phosphorylated, up-
regulated proteins upon treatment of HCT116 cells with TNF. We  subsequently
focused on proteins involved in cytoskeletal remodeling (Fig. S1A). An interesting
candidate was cofilin, which was markedly phosphorylated on serine3 (p-cofilinSer3)
after 48 h of TNF-treatment (Fig. S1B). A serine/threonine protein kinase directly up-

stream of cofilin is LIMK. To determine whether the response of human HCT116
colorectal tumor cells to TNF is associated with phosphorylation of LIMK1 (p-
LIMKThr508) and cofilin, whole cell lysates of HCT116 cells stimulated with TNF
were examined by Western blotting. TNF exposure induced phosphorylation of
p-LIMKThr508 within 6 h after TNF-treatment and a maximum of approximately

MK–DAPK docked complex.

Residues in DAPK

Arginine 47
Lysine 50
Phenylalanine 174
Asparagine 172
Lysine 50
Lysine 50
Glutamate 192
Valine 189

http://nrc.bu.edu/cluster
http://cib.cf.ocha.ac.jp/bitool/HBOND/


J. Ivanovska et al. / The International Journal of Biochemistry & Cell Biology 45 (2013) 1720– 1729 1723

Fig. 1. Phosphorylation of LIMKThr508 and cofilinSer3 is up-regulated after TNF-stimulation in HCT116 cells. (A) Changes of p-LIMKThr508 and p-cofilinSer3 levels in cell lysates
after  6, 24 and 48 h TNF-stimulation (0.66 ng/ml) was analyzed by Western blotting. Untreated HCT116 (c) served as a control. Results are representative of three independent
experiments. The band intensities were quantified by densitometry analysis; the control was adjusted to one. (B) Cell lysates stimulated with TNF were immunoprecipitated
(IP)  and immunoblotted with anti-cofilin and anti-LIMK. The input cell lysates subjected to TNF, untreated HCT116 control cells (c) and IgG-IP served as a control. The data are
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epresentative of three independent experiments. (C) Distribution and co-localizatio
mage  of endogenous p-cofilinSer3 (green), p-LIMKThr508 (red) and DAPI (blue) stain
etup  was used for all representative images. Bar 10 �m.

.3-fold increase after 24 h in comparison to control (Fig. 1A). Furthermore, the
evel of p-cofilinSer3 was  positively correlated with the increase in p-LIMKThr508

evels, starting from 6 h of TNF-stimulation and reaching a maximum increase of
.6-fold over untreated control cell levels at 48 h (Fig. 1A). To verify that LIMK
hosphorylated cofilin at serine3 in a TNF-dependent manner, we tested first by
o-immunoprecipitation whether an intracellular complex was  formed between
IMK and cofilin in HCT116 cells. Although a LIMK/cofilin complex was already
etectable in untreated controls, it was strongly reinforced after TNF treatment for
4  and 48 h (Fig. 1B). Phosphorylation of LIMK and cofilin after TNF stimulation
eems to occur with considerable time-delay. The LIMK/cofilin complex is already
einforced 24 h after TNF-stimulus indicating the possible starting time of cofilin
hosphorylation and leading to cofilin phosphorylation and inactivation at later

ime point (48 h after TNF-treatment). Thus, there might be a delay in the initi-
tion of the cofilin phosphorylation by LIMK. Furthermore, immunofluorescence
onfocal microscopy confirmed that p-cofilinSer3 co-localized with p-LIMKThr508 in
he  TNF-treated apoptotic cells with condensed chromatin (Fig. 1C). After LIMK
iRNA mediated knockdown a remarkable down-regulation of LIMK was  revealed.
cofilinSer3 and p-LIMKThr508 after the TNF-treatment. Confocal immunofluorescence
 fixed HCT116 cells treated with TNF (0.66 ng/ml). The same confocal microscopy

Nevertheless, the p-cofilinSer3 level was  not completely abolished (Fig. S2A). There
are  two  possible explanations: one is the variable time frame where LIMK/cofilin
phosphorylation occurs (24–48 h), another one is the possible contribution of cofilin
regulatory phosphatases such as slingshot and chronophin (Gohla et al., 2005; Niwa
et  al., 2002). In the LIMK-overexpressing HCT116 cells the phosphorylation level
of  p-cofilinSer3 was  2.3-fold higher (Fig. S2B) after 24 h of TNF-stimulation in com-
parison to transfected non-stimulated cells. Treatment of the cells with a 100-fold
higher TNF concentration did not further elevate cofilin phosphorylation. These data
indicate that LIMK interacts with cofilin, and that TNF-stimulation increases LIMK
and cofilin phosphorylation in HCT116 tumor cells.
3.2. DAPK interferes with the TNF-induced LIMK/cofilin pathway

In order to investigate a potential link between the DAPK and LIMK/cofilin path-
way, we  analyzed if DAPK is a possible interaction partner of both proteins. Indeed,
we found that DAPK co-precipitated with LIMK and cofilin in TNF-treated cells
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Fig. 2. TNF-induced complex formation between DAPK, LIMK and cofilin.
Lysates obtained from TNF-stimulated cells were immunoprecipitated (IP) and
immunoblotted with anti-cofilin (A), anti-DAPK (A and B) and anti-LIMK (B). The
input cell lysates subjected to TNF, untreated HCT116 (c) and IgG-IP served as a
control. The data are representative of three independent experiments. *Stronger
signal at the left edge of the control DAPK band is transmitted from the signal of the
protein marker.

Fig. 3. DAPK is promoting LIMK/cofilin pathway under TNF-stimulation. (A) HCT116 cel
and  48 h. Cell lysates were probed with indicated antibodies. DAPK inactivation is expres
Changed  levels of p-LIMKThr508 and p-cofilinSer3 are shown in %, compared to TNF-treated
transiently transfected with indicated concentration of DAPK-specific or scrambled siRN
24  and 48 h following TNF-stimulation and subjected to immunoblot analysis with antib
empty  vector and 24 h TNF-treated. Cell lysates were immunoblotted with antibodies as
cells  (c) served as a control. The band intensities were quantified by densitometry analys
emistry & Cell Biology 45 (2013) 1720– 1729

(Fig. 2A and B), whereby the amount of DAPK in the complex was increased under
TNF.

Next, we  examined how the modulation of DAPK activity and DAPK expression
affects the phosphorylation of LIMK and cofilin. First, we assessed the effects of DAPK
inhibitory compound (4Z)-2-phenyl-4-(pyridin-3-ylmethylidene)-4,5-dihydro-1,3-
oxazol-5-one (Okamoto et al., 2010; here referred to as “DAPK inhibitor”) which we
have recently shown to specifically inhibit the catalytic activity of DAPK (Gandesiri
et  al., 2012). One important aspect of DAPK functionality is that its kinase activity is
decreased by autophosphorylation on serine308 (p-DAPKSer308) (Bialik and Kimchi,
2006). Hence, DAPK inhibition increased the levels of inactive DAPK (p-DAPKSer308)
by 150% at 24 h, and by 350% at 48 h after TNF treatment (Fig. 3A) compared to TNF-
treated cells without inhibitor (set at 100%). Importantly, the inhibition of DAPK
activity revealed also decreased levels of p-LIMKThr508 (42% reduction at 24 h, and
22% reduction at 48 h) and p-cofilinSer3 (52% reduction at 48 h) compared to TNF-
treated cells with unperturbed DAPK activity (set as 100%) (Fig. 3A).

We  have previously shown that siRNA-mediated DAPK depletion attenuates
TNF-induced apoptosis (Bajbouj et al., 2009); therefore we tested the influence of
DAPK siRNA on LIMK/cofilin signaling. Although DAPK was present in the scrambled-
si  RNA treated cells we did not observe the expected increase in cofilin and LIMK
phosphorylation after TNF treatment. This result might be due to the common prob-
lem  in phosphorylation studies based on lipofectamin siRNAs that are known to
interfere with receptor-mediated phosphorylation signaling suggesting that these
cells  have an attenuated response to TNF. However DAPK si knockdown in HCT116
cells  reduced p-LIMKThr508 levels after 24 h, and cofilinSer3 phosphorylation after 48 h
upon TNF-treatment compared to scrambled si RNA (Fig. 3B). Together these results
suggest that lipofectamin transfected cells indeed showed a reduced response to
TNF. We suggest that the decrease in cofilin and LIMK phosphorylation is a DAPK-
dependent effect consistent with the findings from the DAPK inhibitor experiment.
Because DAPK siRNA and DAPK inhibition reduced both LIMKThr508 and cofilinSer3

phosphorylation, we determined whether overexpressing DAPK would increase
LIMKThr508 and cofilinSer3 phosphorylation (Fig. 3C). Indeed, TNF-treatment induced
a  2.3-fold increase in p-cofilinSer3 levels in the DAPK overexpressing cells. Cells with
DAPK overexpression could not be analyzed at a later time point because transfec-
tion  was highly cytotoxic to cells at 48 h after TNF treatment. We did not observe
changes in LIMKThr508 phosphorylation under our regular assay condition using
0.66  ng/ml TNF. Moreover, the levels of p-LIMKThr508 were also only mildly elevated
(by  ∼1.7-fold) with a 100-fold higher concentration of TNF (Fig. 3C). One explana-
tion  could be that DAPK overexpression inhibits the activity of cofilin phosphatases
thereby stabilizing the p-cofilinSer3.
To better understand the role of DAPK in this multiprotein complex, we devel-
oped a 3D structural model of the possible interactions between cofilin, LIMK1, and
DAPK. We docked cofilin and LIMK as a first step using the ClusPro server (Beltrami
et  al., 2013; Pope et al., 2004) (Fig. 4A, a and c). A thorough scan of the hydrogen

ls were exposed to DAPK inhibitor 1 h before TNF-treatment (0.66 ng/ml) for 6, 24
sed in %, whereas TNF-treated cells alone are considered as a control (set as 100%).

 cells with normal DAPK activity as a control (set as 100%). (B) HCT116 cells were
A oligonucleotides for 24 h prior to TNF-treatment. Cell lysates were prepared at
odies as indicated. (C) HCT116 cells were 24 h transfected with DAPK construct or

 indicated (l.exp = longer exposure; sh.exp = shorter exposure). Untreated HCT116
is in three independent experiments; the control was adjusted to one.
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Fig. 4. Interaction of DAPK with LIMK/cofilin is stabilizing the complex. (A) Pictures
(a  and c) present docked complexes of cofilin (PDB ID: 1Q8G) – LIMK1 (PDB ID:
3S95). Pictures (b and d) show docked complexes of cofilin–LIMK and DAPK (PDB ID:
1JKS). (B) Picture of putative interactions between the cofilin and LIMK in the docked
complex of cofilin (PDB ID: 1Q8G)–LIMK (PDB ID: 3S95). (C) Picture of putative
interactions between the cofilin, LIMK and DAPK in the docked complex of cofilin
(
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To  better understand why  there is this increase of p-cofilinSer3 level without DAPK
and p-LIMKThr508, we have checked for the expression of chronophin, a cofilin phos-

T
R

PDB ID: 1Q8G)–LIMK (PDB ID: 3S95) and DAPK (PDB ID: 1JKS).

ond (HBPLUS and PIC server) revealed 3 hydrogen bonds between the cofilin and
he kinase domain of LIMK as shown Table 1a. In the docked DAPK/LIMK/cofilin com-
lex, a new interaction is observed between lysine112 of cofilin and asparagine455
f  LIMK (Table 1a and b). In total, the bonding pattern showed interactions between

 residues of LIMK and DAPK (Table 1b and Fig. 4C). These results suggested that
here is no direct interaction between cofilin and DAPK (Fig. 4A, b and d, 4B and
).  Threonine508 of LIMK was not found within the 5 Å zone around p-cofilinSer3

n the LIMK/cofilin complex. When the DAPK/LIMK/cofilin complex was  formed by
ocking, the residue threonine508 of LIMK moved closer into the 5 Å zone of inter-
ction (Table 2) suggesting a further stabilization of the LIMK/cofilin complex. In the
ext  step, we used cluster scores of the complexes from the ClusPro server to ana-

yze the energy profiles of the docked LIMK/cofilin and docked DAPK/LIMK/cofilin
omplexes. As expected, the energy of the DAPK/LIMK/cofilin complex was  found

o  be less than that of the LIMK/cofilin complex by 24.5% (the percentage of energy
ifference between the score of both the structures) (Fig. 4A, a and b). Accordingly,
he energy scores of the clusters of the two  complexes also differ by 26.1% (Fig. 4A,

able 2
esidues present in a zone of 5 Å from Serine3 of cofilin.

Docked complex of cofilin–LIMK LIMK1 

Cofilin residues 

Alanine 2, Glycine 4, Valine 5, Aspartate 122, Alanine 123, Lysine 126, Serine 119 

LIMK  residues 

Val  486, Met  485, Tyr 507 
emistry & Cell Biology 45 (2013) 1720– 1729 1725

c and d). This modeling supports our findings of a DAPK/LIMK/cofilin complex and
suggests that DAPK may  serve a structural role in its assembly.

An in vitro pulldown experiment with the recombinantly expressed, purified
proteins (GST/His DAPK, LIMK and cofilin) to confirm the existence of such a tripar-
tite protein complex was  not successful. There are several reasons such as the lack
of  commercially available full lengths constructs of DAPK and LIMK, their possible
too  transient interaction or the lack of other yet unknown assembly factors.

Alternatively, we have performed confocal immunofluorescence analyses of
cells stained for LIMK, DAPK and cofilin (Fig. 5) to verify this complex. In the absence
of  TNF stimulation, LIMK, DAPK and cofilin are homogeneously distributed in the
cytoplasm. However, upon TNF-treatment we  observed a striking redistribution of
all  three proteins to the perinuclear compartment (Fig. 5). We can therefore not
rule out that e.g., subcellular membrane compartments are required for the assem-
bly of the proposed DAPK/LIMK/cofilin complex which have to be identified and
investigated in future in more detail.

3.3. DAPK/LIMK/p-cofilinSer3 complex participates in TNF-induced apoptosis

Next we  asked the question if the newly identified interaction partners of DAPK
contribute to TNF-induced apoptosis. In the first step, LIMK-overexpression was per-
formed in HCT116 cells with or without TNF-treatment. The level of active caspase3,
a  key marker of apoptosis, was 1.9-fold higher in TNF-treated LIMK overexpress-
ing cells than in vector control-transfected HCT116 cells (Fig. S2B). In line with
this  observation, LIMK si RNA resulted in a decrease in caspase3 cleavage 24 h
after TNF-treatment compared to cells treated with the scrambled siRNA subjected
to  TNF-treatment (Fig. S2A), but was not completely attenuated. Thus caspase3-
independent mechanisms cannot be excluded. Nevertheless, these data suggest that
LIMK is participating in TNF-induced apoptosis.

We  next assessed whether the change in the phosphorylation status of p-
cofilinSer3 affects TNF-induced apoptotic signaling. HCT116 cells were transfected
with cofilin wt and phospho-mimicking mutants cofilinGlu3 and cofilinAsp3 of the
inactivation site cofilinSer3 (Nishimura et al., 2006), and exposed to TNF. As shown
in  Fig. S3A, cells expressing cofilin regardless of its phosphorylation status showed
similar fold increases (between 2- and 3-fold changes) of active caspase3 in trans-
fected cells upon TNF-stimulation compared to transfected untreated HCT116 cells
(Fig. S3A). These data were confirmed by Annexin V-staining (Fig. S3B), supporting
a  model in which LIMK modulates the activity of caspase3, whereas p-cofilinSer3

is also correlated with apoptosis but is not a trigger of the pro-apoptotic signaling
cascade.

To further test this hypothesis, we  studied the distribution and intensity of p-
cofilinSer3 by immunofluorescence (IF) (Fig. S4). Our results revealed that IF intensity
of  p-cofilinSer3 was significantly increased in TNF-treated apoptotic cells with con-
densed chromatin (Fig. S4A–C). Moreover, the relationship between p-cofilinSer3 IF
intensity and DNA-Hoechst staining intensity was approximately linear, with a cor-
relation coefficient of r = 0.67 (Fig. S4B). IF detection of apoptosis using co-staining
of  Annexin V with p-cofilinSer3 demonstrated that p-cofilinSer3 was significantly
accumulated in Annexin V positive cells after TNF-treatment in comparison to
untreated control cells (Fig. 6A and C). In agreement with these findings, we observed
increased membrane bleb formation in cells with high p-cofilinSer3 accumulation by
phase-contrast imaging (Fig. 6B). These observations led us to evaluate p-cofilinSer3

accumulation in apoptotic, detached and adherent HCT116 cells. Detached cells
showed a clear loss in paxillin levels, which is associated with diminished cell adhe-
sion (Figs. 7 and 8). Although the DAPK/LIMK/cofilin complex seems to be dissociated
there is still signaling in the detached cells showing after TNF treatment a progres-
sive  increase in the levels of p-cofilinSer3, caspase 8, 9 and 3 cleavage compared to
the adherent cell population. This increase was ∼12-fold for p-cofilinSer3, ∼15-fold
for  active caspase3, ∼15-fold for caspase8 and ∼13-fold for caspase9 (Figs. 7 and 8).
This confirmed that phosphorylation of cofilin on serine3 is an associated event in
TNF-induced apoptosis in HCT116 cells and strengthens our hypothesis drawn from
p-cofilinSer3 mutants. DAPK that is suggested to be the scaffold protein for the com-
plex  is lost in the detached cells. Interestingly, also pLIMKThr508 cannot be found
in  the supernatant, suggesting that activated LIMK in detached cells seems to be no
longer needed for the permanent activation of cofilin during apoptosis (Figs. 7 and 8).
phatase (Gohla et al., 2005). Interestingly protein expression of chronophin was
down-regulated in the supernatants possibly leading to stabilization of p-cofilinSer3

levels in detached apoptotic cells (Fig. 7). A graphical model summarizing the

Docked complex of cofilin–LIMK–DAPK

Cofilin residues
Alanine 2, Glycine 4, Valine 5, Aspartate 122, Alanine 123, Lysine 126, Serine 119

LIMK residues
Val 486, Met  485, Tyr 507, Thr 508
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Fig. 5. Distribution and co-localization of LIMK, DAPK and cofilin after the TNF-treatment. Confocal immunofluorescence image of endogenous LIMK (green), DAPK (red),
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ofilin  (magenta) and DAPI (blue) staining in fixed HCT116 cells treated with TNF (
xcitation was  only seen with the appropriate laser. Bar 10 �m.

xpression of different participating proteins under TNF-treatment in apoptotic
etached and adherent HCT116 cells is given in Fig. 8.

. Discussion

The serine/threonine kinase DAPK plays an important role in a
ide range of different cell death modes (Lin et al., 2010). To date,

nly a limited number of proteins that interact with DAPK have
een identified. Recently, we have described a novel interaction
etween the MAPkinase p38 and DAPK in TNF-induced apoptosis
f colorectal cancer cells (Bajbouj et al., 2009). To better understand
ow DAPK mediates caspase3-dependent apoptotic cell death, we
erformed a peptide array screen to identify phosphorylated tar-
ets under TNF treatment. The peptide array showed pronounced
ofilin phosphorylation at serine3. In the Western blot analysis
e confirmed a phosphorylation of its up-stream kinase LIMK at

hreonine508 in response to TNF. Although there was  a consistent
IMK activation and subsequent cofilin inactivation pattern after
NF treatment, the broad variation in the time frame between 24
nd 48 h cannot be fully explained. Because LIMK was  shown to be
nvolved in cell cycle progression (Manetti, 2012), we  might spec-
late that this variation results from cells in different phases of
he cell cycle. Due to high cytotoxicity of the combination of lipo-
ectamin with starvation this experimental proof was technically
mpossible. In a set of experiments that are discussed below, we
hen identified DAPK as an interaction partner of LIMK. Our data
uggest that DAPK serves as a scaffold of the LIMK/cofilin complex.

It has been shown that DAPK induces cell death through an

ncrease in DAPK catalytic activity and subsequent phosphory-
ation of target proteins (Shang et al., 2005; Yamamoto et al.,
002), but its multidomain structure enables also a close physi-
al interaction with other proteins (Bialik and Kimchi, 2006). To
g/ml). The same confocal microscopy setup was used for all representative images.

obtain a mechanistic insight into the role of DAPK in LIMK/cofilin
signaling, we studied the effect of DAPK inhibition, siRNA knock-
down and overexpression on the phosphorylation status of LIMK
and cofilin under TNF treatment. After DAPK inhibition with potent
and selective DAPK inhibitor (Gandesiri et al., 2012; Okamoto
et al., 2010), the LIMK/p-cofilinSer3 signaling was diminished.
Furthermore, the levels of p-cofilinSer3 and p-LIMKThr508 cor-
related with the DAPK expression status as shown by DAPK
siRNA experiments. DAPK-overexpression led to increased p-
cofilinSer3 levels, surprisingly however without any detectable
change in p-LIMKThr508 levels. Because the cofilinSer3-residue is not
located within a consensus DAPK motif, we speculate that DAPK-
overexpression might (directly or indirectly) block the activity of
cofilin phosphatases. Another explanation could be a possible inter-
play between cofilin serine3 residue and another phosphorylation
site. Inspection of the human cofilin sequence revealed the pres-
ence of a DAPK–phosphorylation consensus motif (Lin et al., 2010)
around serine24 (RksS24), but after mutating serine24 to Ala/Glu,
we could not detect any influence on cofilinSer3 phosphorylation
and TNF-induced apoptosis (unpublished data). Moreover, DAPK-
phosphorylation consensus motifs (Lin et al., 2010) are present in
Cdc42 (Kuo et al., 2006), and can also be detected in the amino acid
sequences of ROCK1, Rho A, and PAK1 (LIMK up-stream kinases).
Although these proteins were not identified in our peptide array,
we cannot exclude their involvement in our model. There also exist
DAPK motifs in the LIMK protein sequence, but the 8 interaction
residues proposed in the 3D model do not include any phospho-
rylatable amino acid. Another potential connection between DAPK

and cofilin may  be provided by 14-3-3 proteins, which are known to
bind to DAPK (Henshall et al., 2003) and to stabilize phosphorylated
cofilin (Gohla and Bokoch, 2002). Interestingly, the 3D structural
model suggests no direct interaction between DAPK and cofilin. The
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Fig. 6. Accumulation of p-cofilinSer3 in TNF-induced apoptotic cells. (A) TNF-induced apoptosis detected by immunofluorescence using Annexin V (green), DAPI (blue) and
p-cofilinSer3 (red) staining in HCT116 cells. Bar, 10 �m.  (B) Phase-contrast imaging was performed to detect bleb formation of HCT116 cells treated with TNF and stained
with  p-cofilinSer3 antibody and DAPI. Bar, 10 �m.  (C) Quantification of fixed HCT116 cells stained with p-cofilinSer3 antibody and Annexin V with and without TNF-treatment.
Annexin V staining was  performed to detect apoptotic cells. 100–150 cells were scored. Error bars represent the SEM based on two independent experiments. (*p ≤ 0.05 as
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ompared with control cells Annexin V positive with pCofilin; #p ≤ 0.05 as compare

vidence of cofilin in the DAPK immunoprecipitation instead sug-
ests a strong LIMK/cofilin interaction. The energy analysis on the
omplexes of LIMK/cofilin and of DAPK/LIMK/cofilin could explain
hat DAPK provides further stability to the complex. Thus, we  pro-
ose that both the kinase activity and scaffolding functions of DAPK
re important in TNF-induced apoptosis.

The significance of cofilin activation/inactivation during apopto-
is is only poorly understood. To date, there are only few reports
howing a role of cofilin in inducing cell death under oxidative
tress (Campos et al., 2009; Hsieh et al., 2010; Klamt et al., 2009;
ehklau et al., 2012). Studying the dephosphorylated, active form
f cofilin1, Chua et al., 2003, reported its mitochondrial translo-

ation preceding the release of cytochrome c, indicating a role in
he initiation phase of apoptosis. Other studies described a partic-
pation of active cofilin in growth-stimulating processes (Samstag
t al., 1991, 1994, 1996; Saito et al., 1994).
 control cells pCofilin positive).

Interestingly, treatment of endothelial cells with a cytokine
cocktail containing IL-1, IL-6 and TNF increased the phosphor-
ylation of cofilin together with the formation of actin stress
fibers (Campos et al., 2009). Similarly, inhibition of p-cofilinSer3

dephosphorylation by the serine phosphatase inhibitor okadaic
acid was accompanied by apoptosis (Samstag et al., 1996). By
varying the cofilin phosphorylation using p-cofilinSer3 mutants,
we demonstrated that the expression of the pseudophosphory-
lated (cofilinGlu3 and cofilinAsp3) and nonphosphorylatable mutant
cofilinAla3 did not significantly alter TNF-induced apoptosis in
comparison with cofilin wt expression. Thus, we suggest that p-
cofilinSer3 is an indicator of TNF-induced apoptosis and does not

further trigger the apoptotic signal. In this regard, p-cofilinSer3 lev-
els were found to be increased in TNF-induced apoptotic cells with
condensed chromatin, pronounced membrane blebs and Annexin
V up-regulation. In detached cells, we see a massive accumulation
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ig. 7. Accumulation of p-cofilinSer3 in apoptotic, non-adherent and adherent HCT
ead  HCT116 cells collected from the supernatants (SN) 48 and 72 h after TNF treatm
ere  quantified by densitometry analysis; the control was adjusted to one. The dat

f inactive p-cofilinSer3 which has lost the actin filament disrupting
ctivity. According to Wiggan et al. (2012), cofilin silencing could
nduce a crucial disturbance of normal homeostatic actin-myosin
ytoarchitecture, resulting in bleb formation. The high levels of acti-
ated caspases might mediate the cleavage of further cytoskeletal
roteins such as myosin light chain, actin, vimentin, and paxillin
Byun et al., 2001; Mashima et al., 1999; Moretti et al., 2002; Shim
t al., 2001). The reinforced caspase 8, 9, and 3 activation could be

xplained as a cell death induced by loss of cell adhesion (anoikis)
s described for ceramide-induced cell death (Widau et al., 2010).
lthough there is a role of DAPK in anoikis this form of cell death
ight be not associated with the described DAPK/LIMK/cofilin

ig. 8. A graphical model summarizing the expression of different participating pro-
eins under TNF-treatment in apoptotic detached and adherent HCT116 cells. The

ultiprotein complex is formed in control cells and it was  reinforced under TNF in
dherent cells. DAPK is lost from the complex in detached cells as scaffold protein
or  the LIMK/cofilin complex.
lls. Lysates of adherent HCT116 subjected to TNF (0.66 ng/ml), and non-adherent,
ere analyzed by Western blotting with antibodies as indicated. The band intensities
epresentative of three independent experiments.

complex under TNF stimulus. The loss of pLIMKThr508 and DAPK
in detached cells suggests that the multiprotein complex consist-
ing of pLIMKThr508, cofilin, and DAPK is abrogated in detached
apoptotic cells and its signaling is interrupted. Obviously TNF-
treated cells have committed to caspase-dependent apoptosis prior
to detachment from the culture plate. Here upon TNF a striking
redistribution of LIMK, DAPK, and cofilin to the perinuclear com-
partment was observed. Whereas assembly of these three proteins
was not associated with condensation of the chromatin, adher-
ent apoptotic cells were positively marked by p-cofilinSer3 and
p-LIMKThr508 co-localization. In summary, we  present a novel pro-
apoptotic multi-protein complex including DAPK, LIMK and cofilin
that is reinforced following TNF-treatment. 3D structural mod-
eling suggests that DAPK can act as a scaffold to integrate the
LIMK1/cofilin1 complex. Furthermore, we suggest that p-cofilinSer3

is a marker but not a trigger of TNF-induced apoptosis in HCT116
cells, and is mainly responsible for the cytoskeletal changes that
apoptotic cells undergo.
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