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ABSTRACT

Defining new therapeutic strategies to overcome therapy resistance due to tumor
heterogeneity in colon cancer is challenging. One option is to explore the molecular
profile of aggressive disseminating tumor cells. The cytoskeleton-associated Death-
associated protein kinase (DAPK) is involved in the cross talk between tumor and
immune cells at the invasion front of colorectal cancer. Here dedifferentiated tumor cells
histologically defined as tumor budding are associated with a high risk of metastasis and
poor prognosis. Analyzing samples from 144 colorectal cancer patients we investigated
immunhistochemical DAPK expression in different tumor regions such as center,
invasion front, and buds. Functional consequences for tumor aggressiveness were
studied in a panel of colon tumor cell lines using different migration, wound healing,
and invasion assays. DAPK levels were experimentally modified by siRNA transfection
and overexpression as well as inhibitor treatments. We found that DAPK expression
was reduced towards the invasion front and was nearly absent in tumor buds. Applying
the ECIS system with HCT116 and HCT116 stable lentiviral DAPK knock down cells
(HCTshDAPK) we identified an important role for DAPK in decreasing the migratory
capacity whereas proliferation was not affected. Furthermore, the migration pattern
differed with HCTshDAPK cells showing a cluster-like migration of tumor cell groups.
DAPK inhibitor treatment revealed that the migration rate was independent of DAPK'’s
catalytic activity. Modulation of DAPK expression level in SW480 and DLD1 colorectal
cancer cells significantly influenced wound closure rate. DAPK seems to be a major player
that influences the migratory capability of disseminating tumor cells and possibly affects
the dynamic interface between pro- and anti-survival factors at the invasion front of
colorectal cancer. This interesting and new finding requires further evaluation.

consecutive ankyrin repeats, two putative nucleotide
binding domains (P-loops), cytoskeletal/ras of complex
proteins (ROC) domain and a death domain [2, 3]. Due to
its multi-domain structure, DAPK’s function is not only
restricted to its kinase activity. Some studies report the

INTRODUCTION

Death-associated protein kinase (DAPK) is a
calmodulin regulated and cytoskeleton associated
serine/threonine kinase [1]. It is a large 160 kDa protein

composed of several functional domains, including
a kinase domain, a CaM regulatory domain, eight

importance of the scaffold function of DAPK to trigger
and stabilise multi-protein complexes [4, 5].
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Besides a major role in cell death mechanisms,
DAPK also regulates cytoskeleton-associated proteins
to suppress directed migration via blocking of cell
polarisation [4, 6]. Kuo et al. [6] reported that DAPK has
an inhibitory effect on talin-H association with integrins
leading to an abrogation of their inside-out activation
[7-9]. The phosphorylation of myosin light chain at Ser19
by DAPK in vivo correlates also with the weakening of the
structural integrity of the cortical actin network necessary
for morphological apoptosis-associated changes such as
cell rounding, shrinking, and detachment [10-13].

Animal studies in syngenic mice have shown that
lung carcinoma clones with highly aggressive metastatic
behaviour do not express DAPK, in contrast to their low
metastatic counterparts [14]. Moreover, DAPK interferes
with both, early- and late-stage metastatic processes,
suggesting that DAPK suppresses metastasis through
multiple mechanisms [15]. In patients with colon cancer, the
late DAPK down-regulation is associated with metastasis
to lymph nodes and distant organs, as well as with a shorter
metastasis-free period and reduced overall survival [15].
In line with the anti-metastatic function of DAPK, clinical
studies indicate that loss of DAPK expression in several
cancer types, by hypermethylation of the DAPK promoter, is
associated with advanced tumor stages and more aggressive
phenotypes [15, 16]. DAPK overexpressing uterine tumors
may have a growth advantage compared to their DAPK-
negative counterparts [17]. In contrast, Mittag et al. [18]
describe DAPK promoter hypermethylation as a very early
event in colorectal carcinogenesis with a high frequency
in T1 tumors [18]. In inflammation-associated colorectal
carcinogenesis, DAPK seems to play an important role in
tumor transformation [19]. Taken together, all these reports
support an antagonistic duality for DAPK dependent on the
cellular context and the different experimental settings [20].

Although DAPK is involved in a variety of cellular
functions such as cell death, migration, and invasion, so far
in vivo studies do not identify DAPK expression levels in
different tumor regions such as the tumor center and the tumor
invasion front. Nevertheless, both regions differ remarkably
in regard to the number of tumor infiltrating immune cells
such as T-lymphocytes, macrophages, or dendritic cells
[21, 22]. The tumor microenvironment and tumor-host-
interaction at the invasion front has been identified as having
prognostic value in colorectal cancer [21]. We have shown
previously that in colorectal cancer there is a cross-talk
between tumor and immune cells mainly at the invasion
front [23]. Here tumor-associated macrophages influence
the tumor border gene expression pattern [24] and DAPK-
mediated pro-apoptotic responses [25]. Moreover, so-called
tumor buds detach from the tumor as single cells or small cell
clusters (up to five cells) and are also scattered in the stroma
at the invasion front. Colorectal cancers with high-grade
tumor budding very often show an infiltrative diffuse growth
pattern associated with advanced tumor stage and poor
clinical outcome. Interestingly, tumor buds display very low

proliferation rates [26], an increased migratory capacity [27]
and have been linked to an epithelial-mesenchymal transition
(EMT) [28]. Disseminating tumor buds are known to down-
regulate pro-apoptotic molecules such as apoptosis activating
factor 1 (APAF1) [29] and only rarely express Caspase-3 [26]
to protect themselves from anoikis, a form of cell death by
cell detachment.

So far, DAPK has never been investigated in these
aggressive tumor cells. Since high-grade tumor budding
has been associated with metastasis, we aimed to study
their DAPK expression and to link it to functional
properties of tumor aggressiveness in vitro.

RESULTS

DAPK expression was decreased towards
the invasion front and was nearly absent in
disseminating tumor buds

DAPK was evaluated in a TMA containing 144
colorectal cancers and was found in the cytoplasm of the
tumor cells (Figure 1). In comparison to the tumor center
(76.4% expression), DAPK expression was reduced towards
the invasion front (72.1% expression) (p = 0.0352) and was
nearly lost in tumor buds (38.6% expression) (p < 0.0001,
Figure 1F, 1H; Table 1). Expression of DAPK in tumor
center, front and within tumor buds was not correlated with
clinicopathological features (Table 2). Although DAPK in
the center did not correlate with any prognostic features,
mucinous cancers showed less DAPK at the invasion front
(p = 0.0445). Most importantly, a significant loss of DAPK
in tumor buds was associated with presence of distant
metastasis (p = 0.0291, Figure 1A). There was, however,
no association of DAPK expression with survival time.

DAPK loss elevates tumor cell random migration

Owing to the previous proven in vivo reduction of
DAPK, we performed several in vitro assays to study the role
of DAPK in tumor cell aggressiveness in colorectal cancer
cells to understand how DAPK affects cellular functions
in disseminating tumor cells. As a first step we determined
the level of DAPK expression in different colorectal tumor
cell lines to select the suitable in vitro model. Low DAPK
protein levels were observed in the HCTshDAPK and SW480
cells whereas DAPK was expressed moderately in HCT116,
DLDI, and Caco2 cells (Figure 2A). Next, we utilised the
ECIS technology to examine the effects of DAPK on random
cell migration. If cells attach, migrate and spread on the small
gold film electrode of the ECIS array, cellular membranes
restrict the electrical current, forcing it to flow beneath and
between the cells, resulting in a dramatic increase in electrical
impedance. We discovered an increase in electrical impedance
for HCTshDAPK cells suggesting that migration was elevated
when DAPK was lost (Figure 2B). Because proliferation was
inhibited using mitomycin C (10 ng/ml, Sigma) this seems to
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Figure 1: Immunohistochemical staining of DAPK protein expression in tumors of colorectal cancer patients. Examples
of tumor center A, D. and invasion front B, E. in comparison with H&E staining (A, B) and DAPK immunohistochemistry (D, E). Overall
there is only a faint reduction of staining intensity from tumor center to the invasion front. The detailed analyzes of tumor buds in H&E C.,
a standard pan-cytokeratin staining (AE1-3, routine protocol, G. and DAPK immunohistochemistry F. revealed an almost vanishing DAPK
expression in these small tumor cell clusters (encircled). A summary of the DAPK gradients across these tumor areas in the same samples
is plotted in H. Of note, the tumor bud pictures highlight the interaction with dense inflammatory infiltrates (C, F, G). I. Statistical analysis
of DAPK expression in tumor buds of patients with or without metastasis (p = 0.034).

indicate a clear migratory effect (Figure 2B). In addition, the
proliferation rate for both cell lines was independent of the
DAPK status (Supplementary Figure S2).

DAPK expression decreases the migratory
capacity in wound healing assay

In the second experiment, wound healing migration
assay of HCTwtDAPK and HCTshDAPK cells with

culture inserts was performed and cell migration into the
wounded area was monitored and measured by live-cell
imaging microscopy (Figure 2C, 2D). After 24 h and 48 h,
HCTshDAPK cells showed accelerated cell migration into
the wounded area, whereas wound closure of HCTwtDAPK
cells was reduced, showing a larger remaining gap (Figure
2C, 2D), (Supplementary Movie film S1/S2). An almost
completed monolayer was formed by HCTshDAPK cells
within 96 h (Supplementary Figure S3). Treatment with
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Table 1: Descriptive statistics for DAPK expression in the tumor center, invasion front and tumor

buds
DAPK No. cases Mean (%) £ SD Median (%) Min (%) Max (%)
Tumor center 144 76.4+15.5 80 20 90
Invasion front 134 72.1+19.6 80 12.5 90
Tumor buds 91 38.6 +21.8 40 0 90
Difference center — invasion front 134 439+ 18.2 0 -30 70
Difference front — tumor buds* 89 33.0+194 31.6 -20 90

*significant loss of DAPK expression toward invasion front (p = 0.0352) and from front to tumor buds (p < 0.0001)

DAPK inhibitor did not affect cell migration (Figure 2E).
Interestingly, there was a DAPK-dependent difference in
migration pattern. Whilst the HCTwtDAPK cells showed
mostly single cells migrating into the wound, HCTshDAPK
cells showed a rather cluster-like pattern of larger cell
groups migrating (Figure 3A). Immunofluorescence
staining showed DAPK-dependent differences in
the F-actin reorganisation at the wound margin. In
HCTwtDAPK cells F-actin distribution was rather cortical,
demonstrating less-polarised and less-migrating cells. In
contrast, HCTshDAPK cells showed polarized lamellipodia
formation of F-actin, typical for migrating cells with a clear
orientation of the tumor cell nuclei opposite the wound
margin (Figure 3B).

Next, we examined the effect of DAPK loss in
DLD1 cells. DAPK knockdown cells demonstrated
an increase in cell migration in comparison to DLDI
control cells (Figure 4A) showing a significantly reduced
percentage of the remaining gap for DAPK siRNA treated
cells 12 h and 24 h after the scratch was created. The
inhibition of DAPK catalytic activity in DLDI1 cells did
not reveal any change in the migration rate (Figure 4A).

In SW480 cells with low endogenous DAPK
expression we used the contrary strategy and investigated
the effects of overexpressed DAPK on migration. Indeed,
DAPK overexpression decreased cell migration 12 h and
24 h after the scratch was created. DAPK overexpressing
cells demonstrated a significantly higher percentage of
remaining gap in comparison to SW480 control cells
(Figure 4B).

Taken together, these results show that DAPK plays
an important role in decreasing the migratory capacity and
substrate phosphorylation by DAPK would not appear to
be crucial for this effect.

DAPK negative cells have a higher invasive
potential but do less tolerate anchorage
independence conditions

To study the effect of endogenous DAPK protein
level on anchorage independent growth in HCTwtDAPK
and HCTshDAPK cells we performed the soft agar colony
formation assay. We observed that the number of colonies

overall (>50 pm, >100 pm, >250 pum) did not differ for the
two cell lines (Figure 5A, 5B). Whilst HCTshDAPK cells
showed a higher number of smaller colonies (50—100 um),
more than 50% of HCTwtDAPK colonies were larger than
100 puM in size. Since the proliferation rate for both cell
lines was independent of the DAPK status (Supplementary
Figure S2) these data are consistent with the assumption
that DAPK loss induces cell cycle perturbations. In the
subsequent experiment, we examined the effect of DAPK
on cell invasion by using Boyden chambers coated with
Matrigel. We compared the invasion characteristics of
different colorectal tumor cell lines using the human
mammary carcinoma cell line MDA-MB-231 as a
positive control. The invasion potential of HCTshDAPK
cells was increased 1.8-fold compared with parental
HCTwtDAPK cells (Figure 5C, Supplementary Figure S4,
and Supplementary Figure S5).

DISCUSSION

Recently, DAPK has been shown to exert pro- and
anti-inflammatory as well as pro- and anti-apoptotic
functions in a context- and stimulus-dependent manner
[30]. The invasion front of a colorectal tumor is the region
of tumor-immune cell interaction where inflammation and
tumor cell dissemination occurs. There are only a few
reports about the molecular mechanisms by which factors
at the tumor invasion front alter the gene expression
profile of neighbouring epithelial cells. Indeed, there
seems to be a panel of signalling molecules differently
expressed in the tumor center and the invasion front [31].
Kahlert et al. [32] show an invasion-front specific pattern
of miRNAs when compared to normal tissue. In contrast,
using laser capture microdissection another study by
Staub et al. [33] describes rather similar gene expression
profiles at the invasion front and the inner tumor mass
where the normal epithelium differs remarkably from the
tumor compartments. Despite a similar transcriptome,
the authors suggest that posttranscriptional mechanisms
in response to tumor and immune cell interaction such
as protein stabilisation may be much more affected.
It is known that extracellular proteins of the tumor
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Table 2: Association between DAPK expression (percent positivity) in tumor center, front and

tumor buds with clinicopathological features

Feature Center Front Buds
(n=144) (n=134) (n=91)
N  Mean+ P-value N Mean £ P-value N Mean = P-value
SD SD SD
Gender 72.2 £ 74.1 £ 39.7 £
(n = 144) Male 66 189 0.0334 62 185 0.2751 42 271 0.63
79.9 + 70.3 + 37.6 +
Female 78 10.7 72 205 49 217
Patient age
(n=144) Corr. coeff| 144 | -0.073 0.3871 134 -0.14 0.1061 91 -0.035 0.736
(years)
Tumor size
(n=144) Corr. coeff| 144 | -0.036 0.6654 134 -0.077 0.3752 91 -0.007 0.945
(cm)
Histological
subtype otmer | 130 | 27 | 01640 | 121 | 30F | ooaas | s 385E 1 (939
16.0 19.5 21.4
(n=144)
. 82.8 + 62.9 + 39.5+
Mucinous | 14 70 13 181 10 259
Tumor grade 75.4 £ 74.3 38.9+
(n = 144) G122 97 158 0.2106 90 16.7 0.3123 63 198 0.8896
78.4 + 67.4 + 379 +
a3 47 14.9 44 24.0 28 259
Tumor 76.8 + 73.9 + 38.2 +
location (n = Left 87 ) 0.6438 82 i 0.3217 52 ) 0.9777
14.7 18.8 20.1
144)
71.0 + 68.0 + 38.1+
Rectum 18 212 18 195 13 233
. 77.9 + 69.6 + 39.6 +
Right 1 39| "3 9 34 214 26 24.6
pT 77.5+ 71.9 + 348+
classification pT1-2 38 ) 0.6978 36 i 0.7806 24 ) 0.3177
14.8 19.2 18.4
(n=144)
76.0 + 72.1 + 39.9 +
pT3-4 | 106 | 55 o8 19.8 67 22.8
(Continued)
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Feature Center Front Buds

(n=144) (n=134) (n=91)
N Mean £ P-value N Mean £+ P-value N Mean £ P-value
SD SD SD
PN 745 + 724+ 377+
classification pNO 78 i 0.495 75 i 0.7753 50 ) 0.5982
> 17.6 18.6 20.7
(n=144)
78.6 71.6 £ 39.6
pNI=2 | 66 12.3 >9 20.9 4l 233
pM
+ +
classification pMO 125 768 % 0.1818 117 727 0.2707 75 408 0.0291
15.5 19.3 21.7
(n = 144)
73.8 £ 674+ 28.1 £
pMI = 15.4 o 21.6 = 19.3
Venous
it Present | 27 | '02E | 06017 | 25 TLIE 0 hes07 | 18 364 1 6367
14.3 21.5 25.0
(n = 144)
. 76.4 + 723+ 39.1+
Negative | 117 158 109 192 73 211
Lymphatic
invasion present | 57 | 82F | 04806 | 51 TLT= | os8a7 | 39 390% 1 7800
12.8 21.3 24.3
(n=144)
. 75.0 £ 723+ 382+
Negative 87 17.0 83 185 52 19.9
Post-
operative 76.1 £ 755+ 344+
Ty None 57 151 0.8771 55 201 0.6674 34 19.8 0.1828
(n = 144)
76.5 + 71.7 £ 41.1 +
Treated 87 158 79 193 57 227
Tumor
budding 75.1 + 753+ 46.3
(10-in-10) Low-grade | 78 155 0.1876 71 173 0.0894 39 175 0.0024
(n = 144)
High- 779 + 68.5 + 328+
grade 66 15.4 63 21.4 32 23.0
Survival HR 0.998 0.991 0.996
(n = 144) (95%CI) 144 | (0.983— | 0.7983 134 (0.978— | 0.1805 91 (0.981- | 0.5771
’ 1.014) 1.004) 1.011)
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Figure 2: Negative effect of DAPK on random and wound healing migration. A. DAPK expression in colorectal cancer cells
lines. Cell lysates were subjected to immunoblot analyzes with antibodies as indicated. Anti-DAPK (BD Transduction Laboratories) and
anti-phospho DAPKSer308 (Sigma), with secondary antibodies (anti-mouse IgG peroxidase conjugated; Pierce). Bound antibodies were
visualised using West Pico chemiluminescent substrate (Pierce) according to the manufacturer’s instructions. Immunoblotting with anti-
GAPDH was used to control equal loading and protein quality. Images were captured using GeneGnome (Syngene). B. Electrical cell
impedance sensing (ECIS) traces for HCTshDAPK and HCTwtDAPK cells with or without mitomycin C (10 ng/ml) treatment over time.
Experiment was repeated three times. Representative graphs are shown. C. Quantification of the results describes the change in percentage
of the wound size at the indicated times for wound healing migration monitored by live-cell imaging microscopy. D. Bright-field imaging
in wound healing migration assay for HCTshDAPK and HCTwtDAPK cells. Cell migration into wound monitored by live-cell imaging
microscopy and bright-field images were captured at the indicated times after wounding. Bar, 500 um. E. A bar graph showing the number
of cells that migrated after the treatment with DAPK inhibitor. Data are represented as means + SD from two independent experiments.
500 um wound was set as 100% remaining gap.

microenvironment induce genes at the invasion front Immunohistochemical studies by our group and
of colorectal liver metastases that are associated with others underline the similarities between tumor buds
epithelial-mesenchymal transition (EMT), a process that and the epithelial-mesenchymal transition (EMT). In
is a crucial step for tumor dissemination [32]. Indeed, the particular, tumor buds lose E-cadherin from the tumor cell
stability of these EMT-inducing transcription factors is membrane and over-express markers of EMT, anoikis-
remarkably regulated by the proteasome system [34]. resistance, invasion and migration [27]. Despite the
Our in vivo results suggested that immunohistochemical clear associations between tumor budding and a more
DAPK protein expression was not associated with clinico- aggressive phenotype, little is known about the molecular
pathological parameters and patient outcome. Nevertheless, profile of these disseminating aggressive cells.
there is a close agreement with Chen et al. [15] who reported To understand the functional role of DAPK at
that DAPK down-regulation was associated with metastasis the tumor invasion front or in the tumor buds we used
to lymph nodes and distant organs, as well as with a shorter in vitro models of established colorectal tumor cell
metastasis-free period. We found that the M1 status was lines. Interestingly, colony formation assay showed that
significantly correlated with low DAPK level in tumor buds. colorectal tumor cells with or without DAPK form the
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Figure 3: Confocal immunofluorescence images in wound healing migration assay for HCTshDAPK and HCTwtDAPK
cells. A. HCTshDAPK and HCTwtDAPK cells were grown for 2448 h allowing migration under mitomycin C (10 ng/ml) treatment, fixed
and stained with the endogenous DAPK(red), F-actin (green) and DAPI (blue). Bar, 500 um. B. HCTshDAPK and HCTwtDAPK cells were
cultured for 24 h—48 h allowing migration under mitomycin C (10 ng/ml) treatment. Cells were fixed and stained with phalloidin for F actin
(green) and DAPI (blue). Confocal immunofluorescence images were taken Bar, 50 um.

same number of colonies, whereby DAPK expressing cells
develop a higher number of larger colonies. Since these
differences cannot be attributed to different proliferation
rates, the delay in colony formation for DAPK low or non-
expressing cells may reflect the induction of an early cell
cycle arrest or a disturbance in cell cycle progression. In
this regard, it has been described that the invasion front
of colorectal carcinomas are zones of low proliferation
[35]. Here, it was demonstrated that a cell cycle inhibitor
such as p16 was upregulated at the invasion front and its
increased expression at the infiltrative front of invasion
of human colorectal cancer was a prognostic marker for
poor survival [35, 36]. Since the invasion front represents
a cancer site where early steps of tumor cell dissemination
exist, we wanted to explore the role of DAPK loss in
migration. During directed migration, DAPK functions
as a potent inhibitor of cell polarisation, whereas DAPK
inhibits random migration by suppressing directional
persistence [6]. The DAPK’s motility-inhibitory function
is thought to have two significant functions in suppressing

tumor development and/or progression. Firstly, as cell
migration is necessary for tumor invasion through the
basement membrane, DAPK may suppress metastasis
through its effect on cell migration, thereby acting in
the late stage of tumor progression [6]. Secondly, the
motility—inhibitory effect of DAPK would be important to
suppress tumors that have escaped from DAPK-induced
apoptosis [6]. Indeed, by using Boyden chamber assay, we
demonstrated that DAPK knockdown in colorectal cancer
cells resulted in increased cell invasion.

We can only speculate how DAPK is regulated
in tumor buds and at the invasion front and for this
we need to consider the role of chronic inflammation
in carcinogenesis and the function of immune cells
expressing inflammatory cytokines [37, 38]. Tumor
cells are recognised by the immune system. Active
immune escape mechanisms have therefore been
considered a novel hallmark of cancer [39]. Thus far
almost nothing is known about DAPK’s role at the
invasion front of a colorectal tumor representing a
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represent means = SD (n = 3). 500 pm wound was set as 100% remaining gap. Bar, 200 pm. *p < 0.05 for DAPK expression modulation

compared with control.

dynamic interface between pro- and anti-tumor factors.
The infiltrating tumor border configuration and tumor
budding promote progression and dissemination of
tumor cells by penetrating the vascular and lymphatic
vessels [21]. We showed that in Barrett’s carcinomas
the tumor-associated macrophages express DAPK
protein and they are rarely detectable in tumors with
DAPK hypermethylation, thereby suggesting a possible
cross-talk between immune and tumor cells [40].
In recent study from our group, using a cell culture
model with conditioned supernatants of differentiated/
activated macrophages (U937) and human HCTI116
colorectal tumor cells, we simulated immune cell
mediated DAPK-associated tumor cell death, reflecting
the in vivo tumor setting. Indeed, supernatants of
freshly isolated human macrophages were able to

induce DAPK expression [25]. Therefore, DAPK
expression at the invasion front could be regulated
by inflammatory pathways or by modulations of the
tumor microenvironment. In this regard we identified
a new function of DAPK in suppressing TNF-induced
activation of the pro-inflammatory transcription factor
STAT3 [19]. Thus the DAPK loss in tumor buds is well
fitting with the observation that STAT3 is known to
be upregulated at the invasion front of squamous cell
carcinoma [41].

We suggest that DAPK down regulation at the
invasion front and in tumor buds could represent a novel
immune escape mechanism that requires further study.
A better understanding of tumor heterogeneity will help
to define new therapeutic strategies to overcome therapy
resistance.
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100x total magnification.
MATERIALS AND METHODS

Patients

A retrospective cohort of 144 patients with primary
colorectal cancer treated at the Fourth Department of Surgery,
University of Athens Medical School in Athens, Greece,
between 2002 and 2007 participated in this study. For each
patient, a complete histopathological review was undertaken;
follow-up, survival time and treatment information were

available from patient charts. None of the patients received
neoadjuvant therapy. The following information was
available: gender, age, tumor size, TNM stage (6th edition),
tumor grade, presence of venous and lymphatic invasion, and
tumor location (Table 3). Median survival time for the cohort
was 60 months. The clinical endpoint of interest was overall
survival. The use of patient material and data was approved
by the ethics committee of the University of Athens. In order
to ensure that the patient cohort was representative, Kaplan-
Meier survival curves were plotted for overall survival,
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Table 3: Patient characteristics (n = 144)

Feature Freq (%)
Gender (n = 144) Male 66 (45.8)
Female 78 (54.2)
Patient age (n = 144) (years) Mean + SD 69.4+11.5
Tumor size (n = 144) (cm) Mean + SD 46=+20
Histological subtype (n = 144) Other 130 (90.3)
Mucinous 14 (9.7)
Tumor grade (n = 144) Gl-2 97 (67.4)
G3 47 (32.6)
Tumor location (n = 144) Left 87 (60.4)
Rectum 18 (12.5)
Right 39 (27.1)
pT classification (n = 144) pT1-2 38 (26.4)
pT3—4 106 (73.6)
pN classification (n = 144) pNO 78 (54.2)
pN1-2 66 (45.8)
pM classification (n = 144) pMO 125 (86.8)
pM1 19 (13.2)
Venous invasion (n = 144) Present 27 (18.8)
Negative 117 (81.2)
Lymphatic invasion (n = 144) Present 57 (39.6)
Negative 87 (60.4)
Post-operative therapy (n = 144) None 57 (39.6)
Treated 87 (60.4)
Tumor budding (10-in-10) (rn = 144) Low-grade 78 (54.2)
High-grade 66 (45.8)
Survival (n = 144) 5-year survival rate % (95%CI) 42.5 (26-58)
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followed by tumor grade, pT, pN, and pM. All showed the
expected survival differences (p < 0.001, Supplementary
Figure S1). Tumor budding was scored as low-grade or high-
grade according to the 10-in-10 method [42]. A considerable
and negative prognostic effect of high-grade budding on
survival (p < 0.001) was observed.

Tissue microarray and immunohistochemistry
(IHC)

A next-generation tissue microarray (ngTMA)
with 0.6 mm tumor cores was constructed [43] and
included three spots of tumor center, three of invasion
front and two spots of the densest tumor budding regions,
where present. The TMA was then sectioned at 3 pm
and immunohistochemistry was performed with a Leica
Bond III system (Leica Biosystems, Buffalo Grove, IL,
USA) in addition to a manual overnight incubation with
primary antibody anti-DAPK (1:50) (BD Transduction
Laboratories, Lexington NY) at 37°C. After washing with
buffer (Dako), sections were incubated with the secondary
antibody at RT for 30 min. Secondary antibodies were
EnVision+System HRP linked (goat-anti-mouse or goat-
anti-rabbit, Dako) and positive immunoreactivity was
detected using DAB+ (Dako) chromogen substrate. Nuclei
were counterstained with haematoxylin (Dako). Appropriate
positive and negative controls were included in each run
of IHC. The percentage of tumor cells that stained positive
(immunoreactivity above the background, percentage
of positive cells 10-90%) was quantified/scored by an
experienced pathologist (TR). Then the average expression
across the punches was calculated. A separate score for the
tumor center, invasion front and tumor buds were given.

Statistics

Using a signed-rank test for matched pairs, differences
in DAPK expression between tumor regions was carried
out. A non-parametric test (Wilcoxon’s Rank Sum or
Kruskal Wallis test) was used to test associations of DAPK
expression in tumor center, invasion front and tumor
buds with clinicopathological features, while a Pearson’s
correlation coefficient was used to describe the strength
of the linear relationship between age, size and DAPK
expression. Cox regression analysis with hazard ratio and
95%CI was used to detect survival time differences with
DAPK, while the Kaplan-Meier method and log-rank test
were applied for categorical data. P-values < 0.05 were
considered statistically significant. Analyzes were performed
using SAS V9.2 (The SAS Institute, Cary NC, USA).

Cell culture and transfection

Human colorectal HCT116, Caco 2, DLDI1 and
SW480 tumor cells were maintained in RPMI and
human mammary carcinoma cell line MDA-MB-231 was
maintained in DMEM supplemented with 10% fetal bovine

serum, penicillin (100 U/ml), and streptomycin (100 pg/
ml). HCT116 DAPK shRNA stable cell line was generated
using DAPK shRNA lentiviral particles according to the
manufacturer’s instructions (Santa Cruz), as previously
described [44]. All cell lines were maintained at 37°C
in a humidified atmosphere and 5% CO,. Mycoplasma
contamination was excluded by using the PCR based
system. Cell lines were authenticated using Multiplex Cell
Authentication by Multiplexion (Heidelberg, Germany)
as described recently [45]. As DAPK]1 inhibitor we used
(4Z)-2-phenyl-4-(pyridin-3-ylmethylidene)-4,5-dihydro-
1,3-oxazol-5-one (MolPort). Cells were pre-treated
for 60 min with 25 pM DAPK inhibitor as previously
published [S5]. Transient transfection was performed
using Invitrogen’s lipofectamin 2000 according to the
manufacturer’s recommendations as previously described
[4,19].

Western blotting

Equal protein content (30 pg) of cell lysates were
separated on denaturing SDS-PAGE and transferred onto
a nitrocellulose membrane prior to probing with antibodies
as indicated and described previously [4, 19].

Assessment of cell migration by electric cell
substrate impedance sensing (ECIS)

The effect of endogenous DAPK protein expression
on cell migration was analyzed applying the ECIS system.
The cell lines (HCTwtDAPK and HCTshDAPK) were
seeded in a density of 7500 cells per well on 8W10E
ECIS arrays (an 8-well chamber slide device - each
well consisting of 10 active working planar gold film
electrodes) and grown to confluence over 2 — 5 days.
To prevent proliferation, the cells were treated with
mitomycin C (10 ng/ml, Sigma). The eight-well electrode
array was placed in a humidified cell culture incubator
at 37°C with 5% CO, and connected to the electronic
devices located outside the incubator. The difference
in the impedance of the two cell lines with different
DAPK levels was analyzed by comparing the average
of normalised impedance. The changes in electrical
resistance were monitored in real time using an ECIS Z
(Theta) instrument (Applied Bio-Physics) with SW10E
ECIS arrays and results expressed as impedance [46, 47].

Wound healing migration assay

A wound healing migration assay was used to
measure basic cell migration parameters such as speed,
persistence, and polarity. 3 x 10° cells were seeded in a
confluent layer with culture inserts (Ibidi, Martinsried,
Germany) and incubated in RPMI medium. After 24 h,
cells were treated with mitomycin C (10 ng/ml, Sigma)
and inserts were removed with sterile forceps to create a
wound field of ~500 um. Additionally, cells were seeded in
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a 6-well plate at a density of 3 x 10°cells/well for DAPK
siRNA transfection, DAPK overexpression, and DAPK
inhibitor treatment. After the monolayer confluence was
reached, a straight wound or scratch was then gently
created in the cell monolayers with a sterile pipette tip.
Cells detached during the scratch were washed with
PBS and cultures were then supplemented with the fresh
medium containing mitomycin C (10 ng/ml, Sigma). The
cells were incubated and monitored for an additional
24 h-72 h at 37°C. Bright field microscopy images were
taken with an inverted microscope Nikon eclipse Ti-U
(Tokyo, Japan) using 4%/20% objective lens (Nikon). For
the live cell imaging microscopy, phase contrast images
were collected at 10 minutes intervals over 60 hours using
a Keyence BZ9000 microscope, with a 20x objective.

Fixed cells were incubated with blocking buffer
1%BSA in PBS and then immunofluorescence staining
was performed with anti-DAPK (1:250) (BD Transduction
Laboratories, Lexington NY) and F-actin using Alexa
Fluor 350-conjugated plalloidin (Invitrogen) at 1:10
(incubated for 30 min at room temperature). Alexa Fluo
555-conjugated secondary antibody (Invitrogen) was used
at a concentration 1:500. Cells were mounted on slides with
ProLong Gold antifade reagent with DAPI (Invitrogen).
Immunofluorescence images were acquired with Confocal
Laser Scanning Microscopy system (LSM T-PMT Observer
Z1, Carl Zeiss Inc.), using a 63x oil objective.

Soft agar assay for colony formation

Colony formation assay on soft agar [48] was
performed to determine the effect of DAPK expression
level on anchorage independent growth in HCTwtDAPK
and HCTshDAPK cells. To prepare the base layer, 0.6%
agarose in RPMI media was added to 6-well plates and
allowed to polymerise. The top layer was prepared by
producing 0.3% agar in cell culture media, and following
cooling to approximately 40°C, 2000 cells were mixed in
2 ml of top layer agar and plated over the base layer. Plates
were allowed to solidify and then incubated at 37°C.
After 18 days, when colonies reached a size which were
microscopically clearly visible, colonies were counted
and images were taken. The cells were stained and fixed
with 0.5% crystal violet in 20% methanol solution. The
experiment was repeated in duplicate.

Invasion assay

For invasion assay, 5 x 10* cells were seeded on
the top of Transwell membranes (8 um pore size) coated
with Matrigel basement membrane matrix (Corning
Costar) following the manufacturer’s instructions. After
24 h and 48 h of incubation, filters were fixed with 3%
paraformaldehyde (15 min) and stained with 0.5%(w/v)
crystal violet, quantified by solubilising bound crystal
violet in 1%(w/v) sodium dodecyl sulfate (SDS) for 1 hour
at 37°C. Absorbance was measured at 595 nm.

Cell proliferation assay

Cell Proliferation Kit IT XTT (Roche Biodiagnostics
GmbH, Penzberg, Germany) and Cell Counting kit —8
(Dojindo Molecular Technologies, Inc. Rockville, MD
20850, USA) were used according to the manufacturer’s
instructions to detect cell proliferation. For the growth
curve assay cells were counted with trypan blue and
counted at each time point.

ACKNOWLEDGMENTS

The authors thank the Interdisciplinary Center
for Clinical Research (IZKF) at the University Clinic
Erlangen (project D21 to RSS) for financial support. The
present work was performed in partial fulfillment of the
requirements of the FAU Erlangen-Niirnberg for obtaining
the degree “Dr. med.” for SF and WL. The PRKS5F-
DAPK expression vector was a gift from Dr. Ruey-Hwa
Chen (Institute of Molecular Medicine, National Taiwan
University Hospital, Taipei, Taiwan). We thank Dr. Felix
Engel and Marina Leone (Experimental Nephropathology)
for their assistance in acquiring live time imaging and
Adrian Koch for his technical assistance.

CONFLICTS OF INTEREST

No conflicts of interest were declared.

Author contributions

JI, 1Z, and RSS conceived and designed the
project. JI, SF, and WL performed and analysed in vitro
experiments; FG assisted with performing and analysing
ECIS data; SS assisted with confocal imaging. IZ and
TR performed in vivo prognosis studies. IZ and RSS
conducted the statistical analysis. EK, HD, and VHK
provided tumour tissues and clinical data. TR, AH, and
AG conducted the histological analysis. AH, RSS and AL
provided materials and reagents and supervised research.
The manuscript was written by JI, IZ, and RSS. All authors
approved the submitted version of the manuscript.

REFERENCES

1. Deiss LP, Feinstein E, Berissi H, Cohen O, Kimchi A.
Identification of a novel serine/threonine kinase and a novel
15-kD protein as potential mediators of the gamma interferon-
induced cell death. Genes & development. 1995; 9:15-30.

2. Bialik S, Kimchi A. The death-associated protein kinases:
structure, function, and beyond. Annual review of biochem-
istry. 2006; 75:189-210.

3. Bialik S, Kimchi A. Biochemical and functional character-
ization of the ROC domain of DAPK establishes a new par-
adigm of GTP regulation in ROCO proteins. Biochemical
Society transactions. 2012; 40:1052-1057.

www.impactjournals.com/oncotarget

36786

Oncotarget



11.

12.

14.

15.

Ivanovska J, Mahadevan V, Schneider-Stock R. DAPK and
cytoskeleton-associated functions. Apoptosis : an interna-
tional journal on programmed cell death. 2014; 19:329-338.
Ivanovska J, Tregubova A, Mahadevan V, Chakilam S,
Gandesiri M, Benderska N, Ettle B, Hartmann A, Soder S,
Ziesche E, Fischer T, Lautscham L, Fabry B, Segerer G,
Gohla A, Schneider-Stock R. Identification of DAPK as
a scaffold protein for the LIMK/cofilin complex in TNF-
induced apoptosis. The international journal of biochemis-
try & cell biology. 2013; 45:1720-1729.

Kuo JC, Wang WJ, Yao CC, Wu PR, Chen RH. The tumor
suppressor DAPK inhibits cell motility by blocking the
integrin-mediated polarity pathway. The Journal of cell
biology. 2006; 172:619-631.

Calderwood DA, Fujioka Y, de Pereda JM, Garcia-
Alvarez B, Nakamoto T, Margolis B, McGlade CJ,
Liddington RC, Ginsberg MH. Integrin beta cytoplasmic
domain interactions with phosphotyrosine-binding domains:
a structural prototype for diversity in integrin signaling.
Proceedings of the National Academy of Sciences of the
United States of America. 2003; 100:2272-2277.

Calderwood DA, Yan B, de Pereda JM, Alvarez BG,
Fujioka Y, Liddington RC, Ginsberg MH. The phosphoty-
rosine binding-like domain of talin activates integrins. The
Journal of biological chemistry. 2002; 277:21749-21758.

Garcia-Alvarez B, de Pereda JM, Calderwood DA,
Ulmer TS, Critchley D, Campbell ID, Ginsberg MH,
Liddington RC. Structural determinants of integrin recog-
nition by talin. Molecular cell. 2003; 11:49-58.

Bialik S, Bresnick AR, Kimchi A. DAP-kinase-mediated
morphological changes are localization dependent and
involve myosin-II phosphorylation. Cell death and differ-
entiation. 2004; 11:631-644.

Kuo JC, Lin JR, Staddon JM, Hosoya H, Chen RH.
Uncoordinated regulation of stress fibers and focal adhe-
sions by DAP kinase. Journal of cell science. 2003;
116:4777-4790.

Mills JC, Stone NL, Erhardt J, Pittman RN. Apoptotic mem-
brane blebbing is regulated by myosin light chain phosphor-
ylation. The Journal of cell biology. 1998; 140:627—636.
Sebbagh M, Renvoize C, Hamelin J, Riche N, Bertoglio J,
Breard J. Caspase-3-mediated cleavage of ROCK I induces
MLC phosphorylation and apoptotic membrane blebbing.
Nature cell biology. 2001; 3:346-352.

Inbal B, Cohen O, Polak-Charcon S, Kopolovic J, Vadai E,
Eisenbach L, Kimchi A. DAP kinase links the control of
apoptosis to metastasis. Nature. 1997; 390:180-184.

Chen HY, Lin YM, Chung HC, Lang YD, Lin CJ, Huang J,
Wang WC, Lin FM, Chen Z, Huang HD, Shyy JY, Liang JT,
Chen RH. miR-103/107 promote metastasis of colorectal
cancer by targeting the metastasis suppressors DAPK and
KLF4. Cancer research. 2012; 72:3631-3641.

Gozuacik D, Kimchi A. DAPk protein family and cancer.
Autophagy. 2006; 2:74-79.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Tanaka T, Bai T, Yukawa K. Death-associated protein
kinase is essential for the survival of various types of uter-
ine cancer cells. International journal of oncology. 2010;
37:1017-1022.

Mittag F, Kuester D, Vieth M, Peters B, Stolte B, Roessner A,
Schneider-Stock R. DAPK promotor methylation is an early
event in colorectal carcinogenesis. Cancer letters. 2006;
240:69-75.

Chakilam S, Gandesiri M, Rau TT, Agaimy A,
Vijayalakshmi M, Ivanovska J, Wirtz RM, Schulze-
Luehrmann J, Benderska N, Wittkopf N, Chellappan A,
Ruemmele P, Vieth M, Rave-Frank M, Christiansen H,
Hartmann A, et al. Death-associated protein kinase controls
STAT3 activity in intestinal epithelial cells. The American
journal of pathology. 2013; 182:1005-1020.

Schneider-Stock R. Death-associated kinase (DAPK): a
cancer “gene chameleon”. Apoptosis : an international jour-
nal on programmed cell death. 2014; 19:285.

Zlobec 1, Lugli A. Invasive front of colorectal cancer:
dynamic interface of pro-/anti-tumor factors. World journal
of gastroenterology : WJG. 2009; 15:5898-5906.

Tosolini M, Kirilovsky A, Mlecnik B, Fredriksen T, Mauger S,
Bindea G, Berger A, Bruneval P, Fridman WH, Pages F,
Galon J. Clinical impact of different classes of infiltrat-
ing T cytotoxic and helper cells (Th1, th2, treg, th17) in
patients with colorectal cancer. Cancer research. 2011;
71:1263-1271.

Schneider-Stock R, Kuester D, Ullrich O, Mittag F,
Habold C, Boltze C, Peters B, Krueger S, Hintze C, Meyer F,
Hartig R, Roessner A. Close localization of DAP-kinase posi-
tive tumour-associated macrophages and apoptotic colorectal
cancer cells. The Journal of pathology. 2006; 209:95-105.

Green CE, Liu T, Montel V, Hsiao G, Lester RD,
Subramaniam S, Gonias SL, Klemke RL. Chemoattractant
signaling between tumor cells and macrophages regulates
cancer cell migration, metastasis and neovascularization.
PloS one. 2009; 4:¢6713.

Bajbouj K, Poehlmann A, Kuester D, Drewes T, Haase K,
Hartig R, Teller A, Kliche S, Walluscheck D, Ivanovska J,
Chakilam S, Ulitzsch A, Bommhardt U, Leverkus M,
Roessner A, Schneider-Stock R. Identification of phos-
phorylated p38 as a novel DAPK-interacting partner during
TNFalpha-induced apoptosis in colorectal tumor cells. The
American journal of pathology. 2009; 175:557-570.
Dawson H, Koelzer VH, Karamitopoulou E, Economou M,
Hammer C, Muller DE, Lugli A, Zlobec 1. The apoptotic and
proliferation rate of tumour budding cells in colorectal can-
cer outlines a heterogeneous population of cells with various
impacts on clinical outcome. Histopathology. 2014; 64:577-584.
Zlobec I, Lugli A. Epithelial mesenchymal transition and
tumor budding in aggressive colorectal cancer: tumor bud-
ding as oncotarget. Oncotarget. 2010; 1:651-661.

Brabletz T, Hlubek F, Spaderna S, Schmalhofer O,
Hiendlmeyer E, Jung A, Kirchner T. Invasion and

WWw

.impactjournals.com/oncotarget

36787

Oncotarget



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

metastasis in colorectal cancer: epithelial-mesenchymal
transition, mesenchymal-epithelial transition, stem cells
and beta-catenin. Cells, tissues, organs. 2005; 179:56-65.

Zlobec I, Lugli A, Baker K, Roth S, Minoo P, Hayashi S,
Terracciano L, Jass JR. Role of APAF-1, E-cadherin and
peritumoral lymphocytic infiltration in tumour budding
in colorectal cancer. The Journal of pathology. 2007;
212:260-268.

Steinmann S, Scheibe K, Erlenbach-Wuensch K, Neufert
C, R S-S. Death-associated protein kinase — a molecule
with functional antagonistic duality and a potential role in
inflammatory bowel disease. Int J Oncology. 2015; 47:5-15.

Karamitopoulou E, Zlobec I, Panayiotides I, Patsouris ES,
Peros G, Rallis G, Lapas C, Karakitsos P, Terracciano LM,
Lugli A. Systematic analysis of proteins from different sig-
naling pathways in the tumor center and the invasive front of
colorectal cancer. Human pathology. 2011; 42:1888-1896.
Kahlert C, Klupp F, Brand K, Lasitschka F, Diederichs S,
Kirchberg J, Rahbari N, Dutta S, Bork U, Fritzmann J,
Reissfelder C, Koch M, Weitz J. Invasion front-specific expres-
sion and prognostic significance of microRNA in colorectal
liver metastases. Cancer science. 2011; 102:1799-1807.

Staub E, Groene J, Heinze M, Mennerich D, Roepcke S,
Klaman I, Hinzmann B, Castanos-Velez E, Pilarsky C,
Mann B, Brummendorf T, Weber B, Buhr HJ, Rosenthal A.
Genome-wide expression patterns of invasion front, inner
tumor mass and surrounding normal epithelium of colorec-
tal tumors. Molecular cancer. 2007; 6:79.

Diaz VM, Vinas-Castells R, Garcia de Herreros A.
Regulation of the protein stability of EMT transcription fac-
tors. Cell adhesion & migration. 2014; 8:418-428.

Jung A, Schrauder M, Oswald U, Knoll C, Sellberg P,
Palmgqvist R, Niedobitek G, Brabletz T, Kirchner T. The
invasion front of human colorectal adenocarcinomas
shows co-localization of nuclear beta-catenin, cyclin D1,
and p16INK4A and is a region of low proliferation. The
American journal of pathology. 2001; 159:1613-1617.

Wassermann S, Scheel SK, Hiendlmeyer E, Palmqvist R,
Horst D, Hlubek F, Haynl A, Kriegl L, Reu S, Merkel S,
Brabletz T, Kirchner T, Jung A. p16INK4a is a beta-catenin
target gene and indicates low survival in human colorectal
tumors. Gastroenterology. 2009; 136:196-205. e192.

Djaldetti M, Bessler H. Modulators affecting the immune dia-
logue between human immune and colon cancer cells. World
journal of gastrointestinal oncology. 2014; 6:129—138.

Elinav E, Thaiss CA, Flavell RA. Analysis of microbiota

alterations in inflammasome-deficient mice. Methods in
molecular biology (Clifton, NJ). 2013; 1040:185-194.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next
generation. Cell. 2011; 144:646-674.

Kuester D, Dar AA, Moskaluk CC, Krueger S, Meyer F,
Hartig R, Stolte M, Malfertheiner P, Lippert H, Roessner A,
El-Rifai W, Schneider-Stock R. Early involvement of death-
associated protein kinase promoter hypermethylation in the
carcinogenesis of Barrett’s esophageal adenocarcinoma and
its association with clinical progression. Neoplasia (New
York, NY). 2007; 9:236-245.

Fujii M, Honma M, Takahashi H, Ishida-Yamamoto A,
lizuka H. Intercellular contact augments epidermal
growth factor receptor (EGFR) and signal transducer and
activator of transcription 3 (STAT3)-activation which
increases podoplanin-expression in order to promote
squamous cell carcinoma motility. Cellular signalling.
2013; 25:760-765.

Karamitopoulou E, Zlobec I, Kolzer V, Kondi-Pafiti A,
Patsouris ES, Gennatas K, Lugli A. Proposal for a 10-high-
power-fields scoring method for the assessment of tumor
budding in colorectal cancer. Modern pathology : an offi-
cial journal of the United States and Canadian Academy of
Pathology, Inc. 2013; 26:295-301.

Zlobec I, Suter G, Perren A, Lugli A. A next-generation
tissue microarray (ngTMA) protocol for biomarker studies.
Journal of visualized experiments: JOVE. 2014; 51893.

Gandesiri M, Chakilam S, Ivanovska J, Benderska N,
Ocker M, Di Fazio P, Feoktistova M, Gali-Muhtasib H,
Rave-Frank M, Prante O, Christiansen H, Leverkus M,
Hartmann A, Schneider-Stock R. DAPK plays an impor-
tant role in panobinostat-induced autophagy and commits
cells to apoptosis under autophagy deficient conditions.
Apoptosis : an international journal on programmed cell
death. 2012; 17:1300-1315.

Castro F, Dirks WG, Fahnrich S, Hotz-Wagenblatt A,
Pawlita M, Schmitt M. High-throughput SNP-based authen-
tication of human cell lines. International journal of cancer
Journal international du cancer. 2013; 132:308-314.

Hong J, Kandasamy K, Marimuthu M, Choi CS, Kim S.
Electrical cell-substrate impedance sensing as a non-
invasive tool for cancer cell study. The Analyst. 2011;
136:237-245.

Nguyen TA, Yin TI, Reyes D, Urban GA. Microfluidic chip
with integrated electrical cell-impedance sensing for moni-
toring single cancer cell migration in three-dimensional
matrixes. Analytical chemistry. 2013; 85:11068—-11076.
Hamburger AW, Salmon SE. Primary bioassay of
human tumor stem cells. Science (New York, NY). 1977;
197:461-463.

www.impactjournals.com/oncotarget

36788

Oncotarget



