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A B S T R A C T

Death-associated protein kinase (DAPK) is a pro-apoptotic Ca2+/calmodulin-dependent ser-

ine/threonine kinase that is widely expressed in tissues but kept silent in growing cells.

Downregulation of DAPK transcription by CpG methylation has been demonstrated in a

variety of tumours, providing a selective growth advantage during tumour progression.

As the in vivo expression of DAPK in human renal cell carcinomas (RCCs) has not previ-

ously been analysed, 72 RCCs were investigated using semi-quantitative real-time reverse

transcription polymerase chain reaction (RT-PCR). We found that almost 92% (66/72) of all

primary RCCs express DAPK mRNA and results obtained from methylation-specific PCR

analyses suggest that aberrant CpG methylation of the DAPK promoter is absent even in

DAPK non-expressing tumours. Comparison of early/intermediate with advanced tumour

stages of clear cell RCCs showed that no significant changes in the expression levels of

DAPK were evident. Chromophilic/papillary RCCs display no significantly different expres-

sion patterns of DAPK compared with stage-adjusted clear cell RCCs. Furthermore, on anal-

ysing the DAPK enzyme activity in RCC cell lines with DAPK mRNA and protein expression,

only 1 out of 11 cell lines showed basal DAPK activity in kinase activity assays, suggesting

that DAPK, although expressed in RCC, remains largely inactive. Our study demonstrates

the in vivo expression of DAPK in RCCs and reveals that, in contrast to other tumour types,

RCCs may not downregulate DAPK mRNA expression during tumour progression. Despite

persistent DAPK transcription and translation, however, the markedly reduced DAPK

enzyme activity in our RCC cell lines suggested a post-translational inactivation of DAPK

in RCCs.

� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Apoptosis is a genetically controlled and evolutionary con-

served mechanism of programmed cell death that is involved
er Ltd. All rights reserved
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in a wide range of physiological processes, such as embryonic

development, tissue homeostasis of multicellular organisms

and immune regulation [1,2]. Apoptosis is hence considered

to be a key biological regulation process. Deregulation of
.
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apoptosis may therefore result in irregular cell survival and

has been implicated in various diseases including neurode-

generative disorders and cancer [3]. An abnormal pattern of

cell death is frequently caused by an imbalance between

pro-apoptotic and anti-apoptotic factors. Increased resistance

to apoptosis due to such an imbalance plays a crucial role in

tumour progression, resulting in prolonged cell survival,

thereby facilitating the accumulation of transforming muta-

tions and promoting resistance to immunosurveillance [3].

Although many anti-apoptotic genes and gene products,

including Bcl-2 and members of the inhibitor of apoptosis

protein (IAP) family such as XIAP and survivin, have been

characterised with respect to contribution to the multi-step

process of tumourigenicity [4–6], only a few positive media-

tors of cell death have been shown to link apoptosis to the

development of cancer. Relevant observations for this include

the tumour suppressor p53, whose pro-apoptotic function is

lost in a wide range of human tumours [7] and death-associ-

ated protein kinase (DAPK), a death-inducing factor with

putative tumour and metastasis suppressor activity [8]. The

DAPK gene was initially isolated by a functional genetic

screening approach and encodes for a 160 kDa calcium/cal-

modulin-dependent serine/threonine protein kinase [9].

Although its apoptosis-promoting mechanism is poorly

understood, DAPK seems to be involved in p53-dependent

suppression of tumour development [10] and it participates

in a number of death signalling pathways, i.e. apoptosis trig-

gered by interferon-c (IFN-c), tumour necrosis factor-a (TNF-

a), CD95 (Fas/Apo1-L) and transforming growth factor-b

(TGF-b) [11–13]. Moreover, DAPK is involved in the formation

of autophagic vesicles and takes part in mediation of mem-

brane blebbing, presumably through phosphorylation of its

direct substrate myosin-II regulatory light chain (RLC)

[14,15]. The protein is composed of several domains, includ-

ing a kinase domain and a conserved death domain, which

are essential for cell death induction [11,16]. Recently, it was

shown that, via its death domain, DAPK interacts with extra-

cellular signal-regulated kinase (ERK) and that both proteins

form a crucial regulatory circuit promoting the pro-apoptotic

effect of DAPK [17]. DAPK mRNA is widely expressed in tis-
Table 1 – Data on the typing, grading and staging of 72 renal ce
with no DAPK mRNA expressiona

RCC type Grading Samples w
DAPK exp

Clear cell

(n = 58)b
G1: n = 0

G2: n = 50 5

G3: n = 7

Chromophilic/papillary

(n = 12)

G1: n = 0

G2: n = 10 1

G3: n = 2

Chromophobe

(n = 2)

G1: n = 0

G2: n = 2

G3: n = 0

P
n = 72 6

a For details see text.

b In one case the grading of the corresponding sample could not be det
sues, but the protein remains largely inactive because DAPK

is negatively controlled by an autophosphorylation-based

mechanism and is thereby kept silent in growing cells [18].

In contrast, loss of DAPK mRNA transcription by promoter

CpG methylation has been demonstrated in a variety of tu-

mours and tumour derived cell lines including B-cell malig-

nancies, non-small cell lung cancer, head and neck cancer,

thyroid lymphoma, advanced stage gastric cancer and other

adenocarcinomas of the upper gastrointestinal tract [19–24].

In non-small cell lung cancer cells DAPK downregulation

was also associated with a decreased sensitivity to treatment

with death-inducing ligand TRAIL [25]. DAPK downregulation

therefore seems to provide a selective advantage during tu-

mour progression that could also affect the response to anti-

cancer drugs. In the present study we analysed the in vivo

expression of DAPK in human renal cell carcinomas (RCCs),

screening 72 RCCs of different histological types and grades

by semi-quantitative real-time reverse transcriptase polymer-

ase chain reaction (RT-PCR).

In contrast to most other tested tumour types, RCCs may

not downregulate DAPK mRNA expression by CpG hyperme-

thylation during tumour progression, indicating that loss of

DAPK mRNA is not a prerequisite for tumour progression in

general. Despite persistent DAPK transcription and transla-

tion, however, the markedly reduced DAPK enzyme activity

in our RCC cell lines suggested that constitutive DAPK expres-

sion might be tolerated by RCC tumours through a post-trans-

lational mechanism of DAPK inactivation.

2. Materials and methods

2.1. Tumour material

A total of 72 tumour tissue samples from RCCs of different

histological types, stages and grades (Table 1) were obtained

from patients who had undergone a nephrectomy. The tu-

mour material was immediately flash frozen in liquid nitro-

gen and stored at �80 �C until RNA extraction. To confirm

that the proportion of tumour tissue was more than 80%, a

consecutive tissue section was stained with haematoxylin
ll carcinomas (RCCs) with regard to the amount of samples

ith no
ression

Staging Samples with no
DAPK expressions

pT1: n = 23

pT2: n = 21 4

pT3: n = 14 1

pT1: n = 10

pT2: n = 2 1

pT3: n = 0

pT1: n = 1

pT2: n = 1

pT3: n = 0

n = 72 6

ermined, therefore the sum of all clear cell grading samples is 57.
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and eosin (H&E) and examined under the microscope. Tu-

mour typing, grading and staging were performed according

to the principles outlined by the World Health Organisation

(WHO) [26,27] and the International Union Against Cancer

(UICC) [28]. The contingent of the different RCC types in the

present study reflects the frequency of each tumour type in

a large RCC series [27].

2.2. Cell lines and cell culture

All RCC cell lines used in this study were derived from typical

representatives of the clear cell and chromophilic/papillary

types of RCC, as established in our laboratory and previously

described [29–31]. The RCC cell lines were grown in Dulbecco’s

modified Eagle’s medium (DMEM, Gibco BRL Life Technolo-

gies, Eggenstein, Germany) supplemented with 10% (v/v) foe-

tal bovine serum (FBS) (Sigma–Aldrich, Deisenhofen,

Germany), 200 mg/l arginine, 72 mg/l asparagine (Serva Elec-

trophoresis, Heidelberg, Germany), 10 mM HEPES, 2 mM glu-

tamine, 100 U/ml penicillin and 100 lg/ml streptomycin

(Gibco). HeLa cells were maintained in DMEM medium con-

taining 10% (v/v) FBS, 2 mM glutamine and penicillin/strepto-

mycin. Raji cells were grown in RPMI medium (Gibco)

containing 10% (v/v) FBS and also supplemented with 2 mM

glutamine and penicillin/streptomycin. All cells were incu-

bated at 37 �C in an atmosphere containing 5% CO2.

2.3. Laser capture microdissection (LCM) and RNA
extraction

Paraffin-embedded RCC tumour tissue specimens were cut in

5 lm thick sections and slightly stained with haemalaun.

Using the PixCell II LCM System (Arcturus Engineering, Moun-

tain View, CA, United States of America (USA)) with a target

voltage of 200 mV, a 7.5-lm laser spot diameter and a pulse

power of 70 mW with a duration time of 3 ms, approximately

2000 tumour cells were collected in CapSure HS caps (Arctu-

rus) by an experienced pathologist and immediately resolved

in RNA lysis buffer (Qiagen, Hilden, Germany). Then, total

RNA was isolated using the RNeasy FFPE Test Kit (Qiagen)

according to the manufacturer’s instructions including

DNAse I treatment. Due to the low RNA amounts, during iso-

lation 20 ng of a 1.2 kb Kanamycin control RNA (Promega, Hei-

delberg, Germany) was used as carrier RNA.

2.4. RNA extraction from frozen tumour material

Total RNA was isolated using the guanidinium thiocyanate

procedure as described previously [32]. An additional purifica-

tion step was performed using the RNeasy Mini Kit including

DNAse I treatment according to the manufacturer’s instruc-

tions (Qiagen). For all the tested samples, the RNA integrity

was checked from the intact 18 S/28 S rRNA bands in agarose

gel electrophoresis.

2.5. Reverse transcription

First strand cDNA synthesis was carried out using 1 lg DNAse

I treated total RNA, 25 nmol dNTPs, 0.5 U of recombinant RNa-

sin� ribonuclease inhibitor (Promega), 0.5 lg random primers
(Promega), 5 mM MgCl2 and 15 units of avian myeloblastosis

virus (AMV) reverse transcriptase (Promega) with the corre-

sponding RT-buffer in a final volume of 20 ll. The reactions

were incubated at 55 �C for 1 h and afterwards terminated

by heat inactivation at 94 �C for 5 min.

2.6. Semi-quantitative real-time PCR

Amplification and quantification of PCR products were per-

formed with the LightCycler (Roche Diagnostics, Mannheim,

Germany) using the Fast Start DNA Master SYBR Green I Kit

(Roche). To amplify and detect DAPK transcripts, 4 ll cDNA

synthesis reaction mixture were transferred to a PCR assay

composed of 2 ll 10 · Fast Start Reaction Mix (Roche; includ-

ing the Taq DNA polymerase, reaction buffer, deoxynucleo-

side triphosphate mix and SYBR Green I dye), 3 mM MgCl2
and 0.5 lM forward primer (5 0-TGA CCA CGG ACG GAA AGA

C-3 0) and reverse primer (5 0-TGC GGC TCC TCA CAC TCA-3 0;

TIB MOLBIOL, Berlin, Germany), respectively, in a total volume

of 20 ll. In addition, 1 unit of uracil-DNA-glycosylase (Roche)

was added to avoid contamination by PCR products. During

amplification, a PCR product of 368 bp was obtained corre-

sponding to nt 2255 to nt 2623 of DAPKmRNA (NCBI accession

number X76104). In addition, amplification of the housekeep-

ing gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

was carried out (forward primer: 5 0-ACC AGC GAC ACC CAC

TCC TC-3 0; reverse primer: 5 0-GGA GGG GAG ATT CAG TGT

GGT-3 0; TIB MOLBIOL), which yielded a 257 bp fragment.

Amplification included initial denaturation at 95 �C for

10 min followed by 50 cycles of 1 s denaturation at 95 �C,
10 s annealing at 66 �C and extension at 72 �C for 20 s per-

formed at a temperature transition rate of 20 �C/s. As SYBR

Green I dye is a non-specific intercalating dye in every PCR,

the hot start was used in order to prevent the formation of

primer dimers and non-specific products during the reaction

set-up and the first denaturation step. In addition, PCR prod-

ucts were checked by agarose gel electrophoresis and con-

firmed by DNA sequencing using the ABI-Prism BigDye

Terminator Cycle Sequencing Kit (ABI, Weiterstadt, Germany)

with the respective forward and reverse primers according to

the manufacturer’s protocol. Sequence analysis was per-

formed in an ABI PRISM� 310 genetic analyser.

2.7. Quantification of DAPK transcripts

The concentration of DAPK transcripts was calculated semi-

quantitatively in relation to the amount of GAPDH tran-

scripts. (Due to the lack of DAPK expression plasmids, an

absolute quantification of total DAPK copy numbers was not

possible.) For this relative quantification, GAPDH PCR on

cDNA standards comprising a fivefold dilution series of HeLa

cDNAwas performed and used to generate a GAPDH standard

curve (external standard) by plotting the crossing point (CP)

values against the dilution factor, with every dilution being

run at least in duplicate. DAPK and GAPDH expression values

were normalised to the standard curve by GAPDH expression

levels obtained from cDNA standards which were amplified

along the samples in every run. The concentrations of tran-

scripts were calculated by the LightCycler Software Version

3.5.3 according to the second derivative maximum method.
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2.8. Statistical analysis

GAPDH expression values for each sample were used to

normalise the respective amplification values of DAPK

transcripts, calculating ratios of relative mRNA levels. Sta-

tistical analysis was carried out using the Mann–Whitney

and Wilcoxon tests with the statistical software package

SPSS 9.0.1 (SPSS, Chicago, IL, USA). Using this test, a P-value

of less than 0.05 was considered to indicate statistical

significance.

2.9. RT-PCR of laser microdissected RCC samples

Total RNA isolated from the respective laser microdissected

tumour sample was used to perform cDNA synthesis as de-

scribed above. Subsequently, 10 ll thereof were used in a

50 ll PCR mixture containing 10 · PCR buffer, 1.25 units Taq-

polymerase (Qiagen), 200 lM of each dNTP (Promega) and 15

pmol of the respective DAPK primers (5 0-TGC GGC CAA CAA

CGG AAT C-3 0 (+) and 5 0-GGG TCG GGG CCA CAA ACA C-3 0

(�)). The PCR conditions were as follows: hot start for 5 min

at 95 �C and 50 cycles of 30 s at 95 �C, 30 s annealing at 55 �C
and 30 s extension at 72 �C. During PCR a 496 bp fragment

was generated corresponding to nt 2187 to nt 2683 of DAPK

mRNA (NCBI accession number X76104) which was separated

and visualised using a 1.5% ethidium bromide stained agarose

gel.

2.10. DNA extraction and sodium bisulphite modification

Genomic DNA from freshly frozen primary tissue was

extracted using the QiaAMP DNA Mini Kit (Qiagen) accord-

ing to the manufacturer’s instructions and subsequently

modified by sodium bisulphite treatment as described

previously [33]. In summary, 2 lg genomic DNA in a total

volume of 50 ll was denatured with 0.2 M NaOH for

10 min at 37 �C. About 30 ll of 10 mM hydroquinone and

520 ll of 3 M sodium bisulphite (pH 5.0) were added, mixed

thoroughly and incubated at 50 �C for 16 h with mineral oil

overlay. Modified DNA was cleaned using the QIAquick PCR

purification kit (Qiagen) according to the manual’s instruc-

tions and eluted with 50 ll H2O. Thereafter, 5 ll of 3 M

NaOH was added and the mixture was incubated for

5 min at RT. At last the modified DNA was precipitated by

ammonium acetate precipitation, resuspended in 20 ll H2O

and immediately used as a template in methylation-specific

PCR (MSP).

2.11. Methylation-specific polymerase chain reaction

Methylation-specific PCR (MSP) was carried out using two pri-

mer pairs specific for the methylated or sodium bisulphite

converted unmethylated DAPK promoter DNA, respectively

[34]. For each MSP, 3 ll modified DNA was used in a 50 ll

reaction mixture containing 10 · PCR buffer, 1.25 units Taq-

polymerase (Qiagen), 200 lM of each dNTP (Promega) and 15

pmol of the respective primers (5 0-GGA GGA TAG TTG GAT

TGA GTT AAT GTT-3 0 (+) and 5 0-CAA ATC CCT CCC AAA CAC

CAA-3 0 (�) for detecting unmethylated DAPK promoter DNA

and 5 0-GGA TAG TCG GAT CGA GTT AAC GTC-3 0 (+) and 5 0-
CCC TCC CAA ACG CCG A-3 0 (�) for methylated alleles). The

PCR conditions were as follows: hot start for 5 min at 95 �C
and 39 cycles of 60 s at 95 �C, 60 s annealing at 60 �C and

60 s extension at 72 �C. PCR products related to unmethylated

DAPK promoter DNA displayed a 106 bp fragment and for

methylated alleles a 98 bp fragment was generated; these

were separated and visualised using 3% (v/v) ethidium bro-

mide stained agarose gels. In all the experiments, HeLa DNA

served as the positive control for unmethylated DAPK alleles

and Raji DNA served as the positive control for methylation-

specific DAPK amplification [20].

2.12. Preparation of protein extracts and Western blot
analysis

Cells were washed twice with ice-cold PBS and afterwards

incubated in ice-cold lysis buffer containing 20 mM HEPES,

10 mM EGTA, 40 mM b-glycerophosphate, 25 mM MgCl2,

2 mM sodium orthovanadate, 1 mM dithiothreitol (DTT) and

1% (v/v) NP-40 supplemented with a mixture of various prote-

ase inhibitors (Roche). Thereafter the cell lysate was har-

vested and centrifuged to isolate the protein fraction from

intact cells and cell debris. Primary tissue samples were lysed

in a buffer containing 100 mM NaCl, 10 mM Tris–HCl (pH 7.6),

1 mM EDTA and 1% (v/v) NP-40 supplemented with several

protease inhibitors (Roche). After centrifugation, the superna-

tant was considered the protein fraction. Equal amounts of

protein were separated by SDS–PAGE (8%) and transferred to

a nitrocellulose membrane (Schleicher & Schuell, Dassel,

Germany). After membrane saturation in blocking buffer (3%

(w/v) non-fat dried milk and 1% (w/v) BSA in 100 mM Tris–

HCl, pH 7.5, 150 mM NaCl, and 0.2% (v/v) Tween 20), DAPK

immunodetection was performed overnight at 4 �C using

anti-DAPK monoclonal antibodies (Pharmingen, Heidelberg,

Germany) in a 1:250 dilution. Visualisation of the DAPK pro-

tein was carried out by ECL detection reagents (Pharmacia

Biotech, Freiburg, Germany), employing a horseradish perox-

idase coupled mouse-anti-human secondary antibody

(Sigma–Aldrich; 1:5000 dilution, incubation 1 h at room

temperature).

2.13. Immunoprecipitation and kinase activity assays

For immunoprecipitation, supernatants containing 100 lg

protein were incubated with 2 lg DAPK polyclonal antibody

(Santa Cruz Biotechnology, Heidelberg, Germany) for 1 h at

4 �C and then coupled to Protein A agarose conjugate (Sig-

ma–Aldrich) while rotating at 4 �C overnight. The immuno-

precipitates were collected by centrifugation and washed

twice in 100 ll lysis buffer and twice in the same volume of ki-

nase assay buffer (12.5 mM MOPS; pH 7.5, 12.5 mM b-glycero-

phosphate, 7.5 mM MgCl2, 0.5 mM EGTA, and 0.5 mM NaF,

0.5 mM vanadate). They were subsequently incubated for

30 min at 37 �C in 15 ll kinase assay buffer supplemented

with 2 lg DAPK substrate (Tocris Biotrend, Köln, Germany)

and 10 lCi [c-32P]ATP. The reaction was stopped by adding

SDS–PAGE loading buffer, and after denaturation for 3 min

at 95 �C the samples were subjected to SDS–PAGE. Finally,

the kinase activity was visualised by autoradiography of the

[32P]-labelled substrates.
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2.14. Immunohistochemistry

Immunohistochemical detection of DAPK protein expression

was performed on 4 lm thick paraffin sections from one

paraffin block representative for the entire tumour. Sections

were mounted on poly-L-lysine coated glass slides, dried at

58 �C for 12 h followed by deparaffinisation and rehydration.

Subsequently, slides were immersed in 10 mM sodium cit-

rate buffer (pH 6.0) and then heated in a pressure cooker

overnight. After blocking of endogenous peroxidase activity

by treatment with 0.5% hydrogen peroxide for 30 min, tis-

sue sections were incubated with 5% normal horse serum

(Sigma–Aldrich) to prevent non-specific antibody binding.

Endogenous biotin was blocked using the SP-2001 avidin/

biotin blocking kit (Vector Laboratories, Burlingame, USA)

according to the manufacturer’s instructions. Then, mono-

clonal IgG1 DAPK antibody (Pharmingen) was applied to

sections at a dilution of 1:400 and incubated in a moist

chamber at 37 �C for 60 min. Negative control was per-

formed, replacing the primary antibody with an irrelevant

monoclonal mouse antibody. Bound antibody was detected

using the avidin–biotin complex peroxidase (ABC Elite Kit,

Vector Laboratories). Staining reaction was performed with

3,30-diaminobenzidine and H2O. For mild counterstaining,

Mayer’s haematoxylin solution was used.

3. Results

3.1. Detection and quantification of DAPK transcripts

Semi-quantitative RT-PCR analysis of DAPK transcripts in 72

primary RCCs of different histological types, stages and

grades (Table 1) using LightCycler technology revealed that

91.7% (66/72) of all the tested RCCs express DAPK mRNA,

with GAPDH expression serving as an external standard.

For relative quantification a standard curve was generated

by performing GAPDH PCR on a fivefold dilution series of
Fig. 1 – (A) LightCycler-based standard curve report for glycerald

from diluted HeLa-cDNA samples (ranging from 5-fold to 1000-f

against the log of the concentration calculated by the second de

r = �1.00 indicates a precise log linear relationship. (B) GAPDH ca
HeLa cDNA (Fig. 1). Comparing the DAPK/GAPDH ratios cal-

culated by the LightCycler software according to the second

derivative maximum method with the melting curve and

agarose gel data, a relative mRNA level ratio of less than

5 · 10�4 indicated the absence of DAPK amplification prod-

ucts (data not shown). On that basis, we considered

DAPK/GAPDH ratios of less than 5 · 10�4 as DAPK downreg-

ulation. This accounts for 8.3% of all the tested tumour

samples. The total of 72 tumour samples comprised 58

samples of the clear cell type and 12 tumour samples of

the chromophilic/papillary type, whereas 94.8% (55/58) of

the clear cell RCCs and 91.7% (11/12) of the chromophilic/

papillary type exhibit DAPK mRNA expression. Tumours of

the rare chromophobic type are represented by 2 samples

that also both display DAPK mRNA expression. In tumour

samples with detectable DAPK transcripts (Fig. 2), samples

referring to tumour stage pT1 displayed the average ampli-

fication at cycle 25, pT2 samples at cycle 32 and samples

belonging to pT3 stages at cycle 29. As SYBR Green I is a

sequence-unspecific intercalating dye, the integrity and

length of all amplification products were checked by

agarose gel electrophoresis in order to exclude false quanti-

fication due to additionally generated fragments.

3.2. Stage dependent expression of DAPK mRNA in clear
cell RCCs

Comparing early and intermediate stages (pT1 + pT2) with

late tumour stages (pT3) for clear cell RCCs (Fig. 3), no

significant changes in the expression of DAPK became

evident when levels were normalised to GAPDH mRNA

expression levels using as an external standard. However,

on analysing the relative (GAPDH-normalised) DAPK

transcript levels of all tumour stages compared with one

another, there is a marked decrease in DAPK expression

levels from low (pT1) to intermediate (pT2) stages and a

noteworthy rise in expression again from intermediate to
ehyde-3-phosphate dehydrogenase (GAPDH) amplification

old dilution, duplicate samples). The cycle number is plotted

rivative maximum method. A correlation coefficient of

libration visualised on agarose gel (single dilution samples).



Fig. 2 – Reverse transcriptase polymerase chain reaction (RT-PCR) analysis of death-associated protein kinase (DAPK)

transcripts in renal cell carcinomas (RCCs) by LightCycler technology. SYBR Green I mediated fluorescence (y-axis) was

measured once per cycle (x-axis). Representative DAPK and GAPDH amplification curves (n = 6) are shown for tumour stage pT1

(upper panel), pT2 (centre panel) and pT3 (lower panel). Same symbol indicates corresponding DAPK and GAPDH amplification

curves. The specificity of amplification products by agarose gel electrophoresis is shown in the upper framed box.
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advanced stages (pT3) (data not shown). This stage-

dependent decrease in pT2 was also found for the

expression of survivin [35], but not for smac/DIABLO

(unpublished results), which indicates a gene-specific

underlying effect.

3.3. Expression levels of DAPK mRNA in clear cell and
chromophilic/papillary RCCs

Chromophilic/papillary RCCs are distinct tumour entities

that differ from clear cell RCCs in aspects such as their

histomorphology, cytogenetic aberrations and response to

growth factors. They are known to be less aggressive than

clear cell RCCs [31,36]. As shown in Fig. 4, chromophilic/

papillary RCCs display no significantly different expression

patterns for GAPDH-normalised DAPK mRNA levels

compared with stage-adjusted clear cell RCCs. The similar

number of DAPK expressing samples in each tumour entity
(94.8% for clear cell RCCs and 91.7% for chromophilic/papil-

lary RCCs) further indicates comparable DAPK expression in

RCC irrespective of the histological type.

3.4. Transcriptional repression of DAPK by promoter CpG
methylation is absent in tested primary RCCs

In many human tumours and tumour derived cell lines,

DAPK mRNA transcription is silenced by CpG methylation

[19–24]. In contrast, DAPK mRNA expression is maintained

in all tumour stages (Fig. 3) to a greater extent in RCCs. We

therefore examined the methylation profile of the DAPK pro-

moter in 10 representative tumour samples and the corre-

sponding non-neoplastic tissues, with special attention

being put on samples showing no detectable DAPK mRNA

expression levels. As shown in Fig. 5, aberrant promoter

hypermethylation could not be detected in any of the tested

tumour and non-neoplastic tissue samples as only PCR



Fig. 4 – Comparison of relative (glyceraldehyde-3-phosphate

dehydrogenase (GAPDH)-normalised) death-associated

protein kinase (DAPK) mRNA levels between pT1 samples of

clear cell renal cell carcinomas (RCCs) and pT1 samples of

chromophilic/papillary RCCs reveal a similar DAPK

expression pattern in both tumour entities.

Fig. 3 – Comparison of relative death-associated protein

kinase (DAPK) mRNA levels (glyceraldehyde-3-phosphate

dehydrogenase (GAPDH)-normalised) between early and

intermediate (pT1 + pT2) tumour stages and advanced

tumour stages (pT3) of clear cell renal cell carcinomas (RCCs)

indicates no significant change in the level of expression.
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products specific to methylated DAPK alleles were ampli-

fied in Raji cells, serving as positive control for DAPK

hypermethylation [20]. These data suggest that DAPK

promoter-methylation is not present in human RCCs and not

responsible for the suppressed DAPK expression observed in

8.3% of the tested RCC samples.
Fig. 5 – Methylation-specific PCR (MSP) of the death-associated pr

10 representative primary renal cell carcinoma (RCC) tumour sa

For all tumour samples the respective stage is in parentheses. P

detectable DAPK-mRNA transcripts using reverse transcriptase

cells served as methylation-positive control [20] and HeLa-DNA a

to unmethylated DAPK-sequences; M, PCR with primers specifi
3.5. DAPK protein expression in primary RCCs

In order to determine whether maintained DAPK mRNA

expression during tumour progression could be further con-

firmed at protein level, we analysed the basal protein expres-

sion of DAPK in six randomly selected RCC samples of pT1

and pT3 stages (Fig. 6) by Western blot. We found that DAPK
otein kinase (DAPK)-promoter on genomic DNA derived from

mples and the corresponding non-neoplastic tissues (CNT).

robes with an asterisk indicate tumour samples with no

polymerase chain reaction (RT-PCR). DNA derived from Raji

s methylation-negative control. U, PCR with primers specific

c to methylated DAPK-sequences [34]; S, DNA standard.



Fig. 6 – Death-associated protein kinase (DAPK) detection in randomly selected primary tumour samples of human renal cell

carcinoma (RCC). One hundred lg of each tumour sample was subjected to Western blot and comparable amounts of protein

were confirmed by Ponceau-red staining.
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protein expression was present in all the tested samples,

thereby corroborating the results obtained by semi-quantita-

tive RT-PCR analysis. Ponceau-red staining was used to dem-

onstrate that comparable amounts of protein were present.

To provide evidence that the observed DAPK expression of

the tumour samples analysed in our study originated from tu-

mour cells, a subset of tumour samples was further investi-

gated by RT-PCR analysis after laser capture microdissection

(LCM) of exclusive RCCs cells. In those nearly homogenous

populations of tumour cells a DAPK mRNA expression could

be also detected as exemplarily shown in Fig. 7. Additionally,

immunohistochemistry was used to analyse DAPK protein

expression in randomly selected RCC tissue sections. We

found cytoplasmic as well as nuclear DAPK protein expres-
Fig. 7 – Death-associated protein kinase (DAPK) reverse transcrip

carcinoma (RCC) cells after laser capture microdissection (LCM).

tissue sections and (C) the captured RCC cells. (D) DAPK RT-PCR

fragment corresponding to nt 2187 to nt 2683 of DAPK mRNA (NC

line clearCa-5, which clearly displays DAPK expression (Fig. 9) s

control (NTC). Because of the primer binding sites, during PCR an

excluded. In this case product size would be greater than 20 kb
sion in the majority of clear cell RCC tumour cells. According

to the ubiquitous expression pattern of DAPK, in adjacent

non-neoplastic renal tissue, DAPK protein expression also be-

came evident in tubular epithelial cells and in the glomerula

(Fig. 8A and B). Together, this strongly suggests that the DAPK

mRNA and protein expression observed in our study is origi-

nally mediated by tumour cells and not due to sample con-

tamination by non-neoplastic cells.

3.6. RCC cell lines reveal rare basal DAPK activity in vitro

In addition to the described regulation of transcript levels by

promoter hypermethylation and subsequent inhibition of

mRNA expression, DAPK can be also regulated at protein-level.
tase polymerase chain reaction (RT-PCR) analysis of renal cell

Exemplary images of: (A) pre-captured and (B) post-captured

analysis of captured RCC cells reveals a specific 496 bp PCR

BI accession number X76104). A cDNA derived from RCC cell

erved as positive control and H2O was used as negative

alysis a genomic DNA-based amplification product could be

p (NCBI accession number NC__000009).



Fig. 8 – Immunohistochemical detection of death-associated protein kinase (DAPK) protein expression in non-neoplastic

renal cortex and clear cell renal cell carcinoma (RCC). (A) Cytoplasmic and nuclear staining of DAPK protein in the majority of

tubular epithelial cells and in cells of the glomerulum. (B) Clear cell RCC showing nuclear and cytoplasmic DAPK protein

expression in the majority of tumour cells.
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The next step was hence to investigate whether DAPK is si-

lenced or activated in RCCs. Analysis of DAPK activity in var-

ious untreated RCC cell lines (n = 11) using in vitro kinase

assays suggests that in RCC DAPK is largely inactive at basal

level (Fig. 9A) although Western blot (Fig. 9B) and RT-PCR anal-

ysis (Fig. 9C) showed the expression of DAPK mRNA and pro-

tein in all tested RCC cell lines. Only in one cell line (clearCa 1)

a marked activation of DAPK was noted (Fig. 9A). These obser-

vations, along with the results mentioned above, indicate that

loss of DAPK expression in human RCCs does not appear to be

a prerequisite during tumour progression. Furthermore, our

observations suggest that post-translational inactivation of

DAPK or compensatory events during tumour progression

are responsible for silencing its cell death promoting activity.

4. Discussion

Death-associated protein kinase (DAPK) is a pro-apoptotic

Ca2+/calmodulin-dependent serine/threonine kinase that is

widely expressed in normal tissues but epigenetically

silenced by promoter hypermethylation in various types of

cancer such as B-cell lymphomas, non-small cell lung cancer,
Fig. 9 – Detection of basal death-associated protein kinase (DAP

(n = 11). Only one cell line (A) (clearCa-1) displayed in vitro DAPK

mRNA transcript are present in all cell lines. (D) Glyceraldehyde

out as control. WB, Western blot; RT-PCR, reverse transcript pol
head and neck cancer, thyroid lymphoma, advanced stage

gastric cancer and adenocarcinomas of the upper gastrointes-

tinal tract [19–24]. In the present study we analysed the

in vivo expression of DAPK in 72 primary human RCCs of all

major histological types using semi-quantitative real-time

PCR, thereby extending previous reports on DAPK promoter

methylation analyses in RCCs to real expression data [37].

We found that 91.7% of all tested RCCs irrespective of their

histological type displayed DAPK mRNA expression and that

selective tumours of the clear cell type and those of the chro-

mophilic/papillary type also showed this expression pattern.

Comparing early and intermediate stages with late tumour

stages of clear cell RCCs, no significant changes in expression

level of DAPK mRNAwere obvious. Although the downregula-

tion of DAPK seems to provide a selective growth advantage in

tumours, our data revealed no correlation between DAPK

expression and tumour progression in RCCs. In addition, for

an example subset of tumour samples the maintained

DAPK expression was also confirmed at protein level. Further

investigation of 10 representative tumour samples and the

corresponding non-neoplastic tissue samples bymethylation-

specific PCR (MSP) revealed that even in tumours with low
K) activity in untreated renal cell carcinoma (RCC) cell lines

activity at basal state, although (B) DAPK protein and (C)

-3-phosphate dehydrogenase (GAPDH)-RT-PCR was carried

ymerase chain reaction.
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or absent DAPK mRNA expression no aberrant CpG-methyla-

tion was present. Although the amount of these samples is

rather low and maybe too limited to entirely exclude methyl-

ation events occurring in the DAPK promoter of human RCCs,

the sustained expression of DAPK in the vast majority of the

analysed RCCs is concomitant with the observed absence of

promoter hypermethylation in the respective samples. This

indicates that RCCs may not downregulate DAPK expres-

sion by CpG-island-hypermethylation, supporting a general

suggestion that kidney cancers display a more restricted

hypermethylation pattern than other tumours, i.e. those

originating from the gastrointestinal tract (oesophagus, stom-

ach and colon) or lymphomas [38,39]. For the remaining 8.3%

(6/72) of RCC tumour samples without DAPK expression the

absence of hypermethylation, at least in the exemplarily con-

firmed samples (2/6), points to the existence of alternative

mechanisms for DAPK downregulation, as has in part also

been reported in lung and gastric cancer as well as in soft tis-

sue leiomyosarcoma [40–42]. However, we cannot exclude the

possibility that the hypermethylation of CpG islands not ex-

plored in our experimental setting is responsible for the

silencing of expression in these samples; nevertheless our re-

sults suggest that, in general, loss of DAPK expression seems

to be of minor importance in human RCCs. Moreover, data ob-

tained by immunohistochemistry and RT-PCR analysis after

LCM additionally confirm that the observed expression of

DAPK is originally mediated by tumour cells, thereby exclud-

ing sample contamination by non-neoplastic cells as being

responsible for the observed maintained expression of DAPK

in the analysed RCCs.

At first sight, our results seem to be at variance with pre-

vious observations made by Morris and colleagues, who

found that 24% of the primary RCCs they tested displayed

aberrant DAPK promoter methylation, whereas tumours of

the clear cell type were found to be less frequently methyl-

ated (19%) than those of the chromophilic/papillary type

(43%). In addition, for Wilms’ tumour, the most common

childhood kidney tumour, they also detected a DAPK pro-

moter methylation percentage of 11%. Nevertheless, they

could not find any correlation between DAPK promoter meth-

ylation and clinicopathological parameters such as tumour

stage, grade or age [37]. Possible heterogeneity of methylation

due to different sample collectives or the relatively limited

amount of samples tested by methylation-specific PCR in

our study may be responsible for these differing results. In

contrast, Harada and colleagues, who also examined the

methylation status in Wilms’ tumour, could not detect any

promoter methylation, thus underpinning the results de-

scribed here [43]. More importantly, recent studies suggest

that methylation data obtained by methylation-specific PCR

with the respective primers used by Morris and colleagues

and in this study cannot strictly be linked to loss of expres-

sion [41,44,45]. A couple of reports have also suggested that

complete gene silencing is dependent on the density and ex-

tent of methylation, which may vary according to the devel-

opmental stage of the tumour [46,47]. Therefore, for

methylation to be biologically relevant, it should be confirmed

by effective silencing of transcription.

The cell death promoting properties of DAPK are gener-

ally not mediated by the mere expression of the protein
alone, but are also dependent on enzyme activity, which is

negatively controlled by an autophosphorylation-based

mechanism [18]. Therefore, we tested the basal DAPK activ-

ity in RCC derived cell lines by in vitro kinase assay. In gen-

eral, DAPK was found to be inactive in the majority of RCC

cell lines. Nevertheless, 1 out of 11 cell lines exhibited basal

in vitro DAPK activity, indicating that even persistent DAPK

activity may be tolerated in human RCCs, as the result of

yet unknown compensatory events occurring during tumour

progression. This points to a similar situation for DAPK in

human RCC compared with that in other tumours, but

instead of an epigenetically based silencing of DAPK, in

human RCCs an activation-controlled mechanism seems to

be sufficient for silencing the cell death promoting proper-

ties of DAPK.

In summary, this study has presented in vivo expression

data of DAPK in a substantial number of primary RCCs. We

have shown that RCCs, in contrast to other tumour types,

may not downregulate DAPK expression by aberrant promoter

hypermethylation during tumour progression and, in general,

loss of DAPK expression seems to be a rare event in RCCs. Fur-

thermore, for RCC cell lines it was shown that DAPK, although

expressed, largely remains inactive at basal state in almost all

RCCs. We therefore conclude that maintained DAPK expres-

sion in RCC is tolerated by post-translational inactivation or

compensatory events during tumour progression, together

indicating that loss of DAPK expression is not a universal pre-

requisite for tumour progression.
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