
Abstract. The prognosis of high-risk Ewing tumours (HR-
ET) remains poor. Melphalan-containing chemotherapy
regimens are commonly applied for HR-ET patients. Moreover,
melphalan (Mel) is a promising agent in thermochemotherapy.
Therefore, we investigated the single effects, the synergism and
the gene regulation of Mel and hyperthermia (HT) in an ET
cell line (RD-ES). Dose-dependent cytotoxicity by Mel was
demonstrated, which was enhanced by the concomitant
application of HT (42˚C for 2 h). Mel, HT and their
combination caused a significant activation of caspase-3.
Using the pan-caspase inhibitor z-VAD-fmk, we demonstrated
that both stimuli mediated predominantly caspase-dependent
cytotoxicity. With cDNA array analysis, 20 out of 198
apoptosis-related genes were identified to be differentially
expressed by Mel and/or HT. Although a significant
enhancement of three selected genes could not be proven at
the protein level in subsequent experiments, this study gives
insight into the complex molecular and genetic response of
tumour cells to cytotoxic stimulation.

Ewing tumours (ET) are the second most frequent bone
tumours in childhood and adolescence, with an annual
incidence of about 3 cases per million (43). Prognosis depends
on tumour volume, tumour site, histological response to
chemotherapy and, most importantly, the presence of
metastases at the time of diagnosis. In particular, patients with
metastases to bone or bone marrow still have a poor prognosis
(43). These patients might benefit from intensification of
conventional therapy, for instance by thermochemotherapy. It

has been shown that melphalan (Mel) is one of the most
promising agents in thermochemotherapy, as its anticancer
effect was effectively enhanced by hyperthermia (HT) in
many experimental and clinical trials (16, 18, 37, 39, 40, 47,
51-53). Moreover, Mel is commonly applied in high-dose
chemotherapy for the treatment of high-risk ET (4, 29, 45).
However, there is still no report of a combined use of Mel and
HT in the treatment of patients with ET, although HT has
already been reported to enhance the effect of other cytotoxic
drugs in ET, such as cisplatin (3, 7, 8).

In different tumour models, Mel induced cytotoxic effects
concomitant with an activation of caspase-3 (5, 14, 25).
Moreover, numerous previous studies have shown an
involvement of caspases in HT-induced apoptosis (15, 17,
19, 20, 22, 23, 34-36, 54). However, there are only few
reports concerning the underlying mechanisms in response
to the cytotoxic stimulation with Mel or HT in tumour cells.

Hence, in the present study we investigated the single
effects, the synergism and the gene regulation of Mel and HT
in a human ET cell line (RD-ES) to answer the following
questions: a)Do RD-ES cells respond to Mel or heat
stimulation? b)Does HT enhance Mel-induced cytotoxicity?
c)Which molecular mechanisms are involved in the cytotoxic
effects of Mel and HT? d) Can a synergistic effect of Mel
and HT be explained by a recruitment of different molecular
pathways by either stimulus?

Materials and Methods
Cell line and culture conditions. The human Ewing tumour cell line RD-
ES, which was derived from a primary Ewing’s sarcoma of a 19-year-
old Caucasian male in 1984, was obtained from the German Collection
of Microorganisms and Cell Cultures (DSMZ, Braunschweig,
Germany). The RD-ES cells were maintained in RPMI-1640 medium
(Gibco BRL, Karlsruhe, Germany) supplemented with 15% heat-
inactivated fetal calf serum (FCS), 100 U/ml penicillin and 100 μg/ml
streptomycin (all additives from Biochrom Seromed, Berlin, Germany),
and were cultured in a humidified atmosphere at 37˚C and 5% CO2.

Cytotoxic stimulation. Melphalan was provided as stock solution
(1 mg/ml dissolved in 0.3% NaCl) by the central pharmacy of the
University of Leipzig Medical Center, Germany. RD-ES cells were
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plated at a density of 1×106/ml and stimulated with different
concentrations of Mel (0.1-90 μg/ml) or no drug at all. After
incubation at 37˚C and 5% CO2 for 1 h, cell culture dishes were
wrapped in laboratory film (Parafilm; American National Can,
Chicago, IL, USA) and immersed in a waterbath for 2 h at 37˚C
(control) or 42˚C (hyperthermia, HT), respectively. Thereafter, the
culture plates were unwrapped and re-exposed to a humidified
atmosphere at 37˚C and 5% CO2.

Determination of apoptosis and cell death. Apoptosis and cell death
were quantified using an Annexin V-FITC staining kit
(Immunotech, Coulter Company, Marseilles, France) and flow
cytometry analysis. After stimulation, the cells were harvested with
trypsin-EDTA (Biochrom Seromed) and stained with Annexin
V-FITC (AV; 25 μg/ml) and propidium iodide (PI; 250 μg/ml),
according to the manufacturer’s guidelines. The fraction of vital
cells was determined by flow cytometry (Epics XL; Beckman
Coulter, Krefeld, Germany) as the double negative fraction that
stained neither positive for AV nor for PI. For evaluation of the
results, the software Expo 32 (Beckman Coulter) was used. The
results were expressed as specific cytotoxic rates, defined as
follows: Cytotoxicity = 100% – % vital cells (AV–/PI–); Specific
cytotoxicity = cytotoxicity (stimulated sample) – cytotoxicity
(unstimulated control).

For kinetic analyses, cytotoxicity was measured by performing
AV/PI assay at the following time intervals: immediately after water
bath incubation (t1), after an additional 2 h (t2), 6 h (t3), 12 h (t4)
and after a total of 24 h (t5) of culture duration. Cytotoxicity rates
at the different time points were expressed as specific cytotoxicity
per hour, calculated as follows: Specific cytotoxicity (interval tn-
tn+1) = (specific cytotoxicity (tn+1) – specific cytotoxicity (tn)) / h
(interval duration).

Determination of caspase-3 activity. Activation of caspase-3 was
measured by using an FITC-conjugated anti-active caspase-3
monoclonal antibody (Clone C92-605; BD Biosciences
PharMingen, San Diego, CA, USA). RD-ES cells were stimulated
with Mel (10 μg/ml) and/or HT (42˚C/2 h) for 24 h. The cells were
harvested, washed and processed using the Cytofix/Cytoperm Kit
(BD Biosciences PharMingen, San Diego, CA, USA) according to
the manufacturer’s instructions. Thereafter, the cells were stained
with anti-active caspase-3 monoclonal Ab for 60 min at room
temperature in the dark and analysed by flow cytometry.

General caspase inhibitor assay. The general caspase inhibitor
z-VAD-fmk (R&D Systems, Wiesbaden, Germany) was reconstituted
in dimethyl sulfoxide (DMSO) to yield a 20 mM stock solution.
Z-VAD fmk was used at a concentration of 100 μM. Cells were
preincubated with z-VAD-fmk or an equal concentration of DMSO
as a solvent control for 1 h. The cultures were then stimulated with
Mel (10 μg/ml) and/or HT as described above. AV/PI staining was
carried out 24 h after addition of the drug. Results were expressed
in cytotoxicity rates considering the following definitions: Total
specific cytotoxicity = cytotoxicity in the presence of the stimulus
and DMSO – cytotoxicity in the presence of culture medium and
DMSO; Specific caspase-independent cytotoxicity = cytotoxicity in
the presence of the stimulus and z-VAD-fmk – cytotoxicity in the
presence of culture medium and z-VAD-fmk; Specific caspase-
dependent cytotoxicity = total specific cytotoxicity – specific
caspase-independent cytotoxicity.

Isolation of RNA. RD-ES cells were harvested by trypsinization 6 h
after stimulation with Mel (10 μg/ml) and/or HT. Total RNA was
then extracted using the Invisorb® Spin Cell RNA Mini Kit (Invitek
GmbH, Berlin, Germany) according to the manufacturer’s
instructions. The integrity of the RNA and the absence of DNA
contamination were verified by agarose gel electrophoresis. RNA
concentration and purity were determined photometrically by
calculating the ratio of optical density at 260 and 280 nm.

cDNA array analysis. Gene expression was analysed with the Human
Apoptosis Expression Array (R&D Systems, Minneapolis, USA),
which contains 198 apoptosis-related gene products, 8 positive
control housekeeping genes and 6 negative controls, all spotted as
duplicates. Briefly, 2 μg of RNA from each sample were converted
into 32P-labelled single-strand cDNA by reverse transcription using
cDNA labelling and hybridisation kit and apoptosis-specific primers
(R&D Systems, Minneapolis, USA), and incorporating [α-32P]-
deoxycytidine-triphosphate (Amersham, Piscataway, USA). The
labelled cDNA was purified with Spin Columns (R&D Systems),
and hybridised to the filter array overnight at 65˚C. Thereafter, the
array membranes were washed, exposed to a phosphor imaging plate
(Fuji Photo Film Company, Kanagawa, Japan), scanned with a
Phosphor Imager Analyser (FLA 3000; Fujifilm, Kanagawa, Japan)
and analysed by AIDA Software (Raytest, Straubenhardt, Germany).
For each array, the absolute signals of the different genes were
normalized to an average of the expression of the 8 spotted
housekeeping genes. The relative signals of the stimulated samples
were then compared with the corresponding normalised signals of an
unstimulated sample as a control.

Inhibition of the interaction of CD137 and CD137L. RD-ES cells
were preincubated with 20 μg/ml of the nonstimulatory monoclonal
anti-CD137 Ab clone BBK 2 (Neomarkers, Fremont, CA, USA) or
IgG-1 (R&D Systems, Wiesbaden, Germany) as a control for 1 h
before stimulation with Mel (10 μg/ml) and/or HT. Cytotoxicity was
measured 6 h post stimulation using AV/PI staining (see above).

Analysis of the protein expression of CD137L. Cell surface
expression of CD137L was determined immediately after stimulation
(0 h) with Mel (10 μg/ml) and HT and after 1, 2, 4, 6 and 12 h of
additional cell culture. Cells were harvested by trypsinization and
washed 3 times in wash buffer [phosphate buffered saline (PBS), 2%
FCS]. The cells were then resuspended in 50 μl wash buffer and
stained for 30 min with either 20 μl FITC-labelled monoclonal anti-
CD137L Ab [clone 5F4, (50 μg/ml); MBL, Nagoya, Japan] or 20 μl
mouse-IgG-1-FITC (Immunotech) as a control. The cells were
washed once and analysed by flow cytometry.

Western blot analysis of DRAK2. To investigate the protein expression
of DRAK2 in the RD-ES cells, the nuclear protein was isolated 6 h
after stimulation with Mel (10 μg/ml) and/or HT. The cells were
harvested without the use of trypsin, washed twice in ice-cold PBS,
and collected by centrifugation. The cells were resuspended in 1 ml
lysis buffer [10 mM Hepes-KOH (pH 7.6), 1 mM dithiothreitol
(DTT), 0.5 mM phenylmethylsulphonyl fluoride (PMSF), 0.1 mM
ethylene diamine tetraacetic acid (EDTA), 15 mM KCl, 2 mM
MgCl2], and incubated for 10 min on ice. After centrifugation at
700×g for 5 min, the supernatant (cytoplasm) was discarded. The
pellet (nuclei) was resuspended in 50 μl buffer C [20 mM Hepes-
KOH (pH 7.9) 0.5 mM DTT, 0.5 mM PMSF, 0.2 mM EDTA, 420

ANTICANCER RESEARCH 28: 2585-2594 (2008)

2586



mM NaCl, 25% (v/v) glycerin] and incubated on ice for 15 min. The
protein levels in supernatants obtained after centrifugation (10,000×g
for 10 min) were quantified with a BioRad protein assay kit (BioRad,
CA, USA) according to the manufacturer’s instructions. Aliquots of
the proteins (50 μg) were subjected to Western blot analysis for
DRAK2. After electrophoresis on 10% SDS polyacrylamide gels, the
proteins were transferred electrophoretically onto PVDF membranes
(BioRad). The membranes were incubated with 1:500 rabbit
polyclonal anti-DRAK2 Ab (Abcam, Cambridge, UK) for 90 min at
room temperature. Blots were then washed 3 times for 10 min in Tris
buffered saline (TBS) and incubated with 1:40,000 secondary horse
radish peroxidase-conjugated goat anti-rabbit IgG (Fc) (R&D
Systems) for 1 h at room temperature. After washing off excess
secondary Ab, the signals were detected with SuperSignal West Pico
Chemiluminescent Substrate Kit (Pierce Biotechnology, Inc.,
Rockford, IL, USA) and Hyperfilm ECL (Amersham Biosciences,
Buckinghamshire, UK).

Detection of TRAIL-R2. Cell surface expression of TRAIL-R2 was
detected 6 h after stimulation of RD-ES cells with Mel (10 μg/ml) or
HT. Cells were harvested by trypsinization and stained with 5 μg/ml
FITC-labelled monoclonal mouse-anti-human TRAIL-R2 Ab (clone
HS201; R&D Systems) for 10 min at 4˚C or mouse-IgG-1-FITC
(Immunotech) as a control. The cells were then analysed by flow
cytometry. The portion of TRAIL-R2 positive cells was determined by
subtracting the percentage of fluorescing cells using the staining control
from the percentage of cells stained with the anti-TRAIL-R2 Ab.

Statistical analysis. Results are presented as means±standard error
of the mean (SEM). For statistical analysis, Student’s t-test for
paired samples was used, applying a two-tailed Student’s t-test for
the cDNA array analysis and a one-tailed Student’s t-test for all
other experiments. A value of p<0.05 was considered to be
statistically significant.

Results

Dose-response relation of Mel and HT in RD-ES cells. Mel
induced apoptosis and cell death in the Ewing’s sarcoma cell
line RD-ES in a dose-dependent manner (Figure 1),
mediating significantly enhanced cytotoxicity at a drug
concentration of 1.0 μg/ml and above. Isolated heat
application led to a significant reduction of the vital cell
fraction of 21.3±5.4% . The combination of Mel with HT
resulted in a significant increase of cell death at the
concentrations 10 and 50 μg/ml Mel compared to either
single stimulus. Since the enhancement of the cytotoxic effect
was almost additive at a drug concentration of 10 μg/ml, for
all further experiments this concentration was used. Mel-
specific cytotoxicity was elevated to 39.5±8.0% under
hyperthermic conditions compared to 21.4±3.1% at
normothermia at this particular drug concentration.

Activation of caspase-3. In RD-ES cells the level of activated
caspase-3 was elevated by both Mel and HT application,
compared to the unstimulated control. Maximum levels were
observed with the combination of both stimuli, yet this
caspase activation was not significantly higher than with
either single stimulus (Figure 2).

Caspase-dependent and -independent mechanisms. To
investigate whether caspases were required for the induction
of cell death by Mel and/or HT, caspase activation was
blocked with the general caspase inhibitor z-VAD-fmk.
Thereby caspase-dependent and caspase-independent
cytotoxicity could be distinguished. As shown in Figure 3,
Mel- and HT-induced cell death was completely caspase-

Krause et al: Mechanisms and Gene Regulation of Mel- and HT-induced Apoptosis

2587

Figure 1. Mel and HT induce cell death in RD-ES cells, the combination
of both results in dose-dependent enhancement of cytotoxicity. RD-ES
cells were cultured with the indicated concentrations of Mel (0-90 μg/ml)
and/or HT (42˚C/2 h) as described in detail in the Materials and
Methods section. Cell death was determined by AV/PI staining and flow
cytometry after 24 h of culture. Specific cytotoxicity was calculated as
defined in the Materials and Methods section. Mean and SEM values of
6 independent experiments are shown. Significant enhancement of
cytotoxicity (p<0.05) by combination of Mel and HT compared to the
effect of each single stimulus is indicated by *.

Figure 2. Activation of caspase-3 by Mel and HT. RD-ES cells were
stimulated with Mel (10 μg/ml) and/or HT. Induction of caspase-3
activity was determined after 24 h of culture under standard conditions
using an FITC-conjugated anti-active caspase-3 monoclonal antibody
and flow cytometry analysis. Mean and SEM values of 3 independent
experiments are shown. A significant increase of active-caspase-3-
positive cells compared to control cells (p<0.05) is indicated by *.



dependent in the RD-ES cells. The combined stimulus
resulted in the occurrence of a marginal portion of caspase-
independent cytotoxicity, while the majority of the
cytotoxicity remained caspase-dependent.

Kinetics of HT- and Mel-induced cell death. First significant
cytotoxic effects of Mel- and/or HT-induced cytotoxicity in
RD-ES cells appeared early, i.e. at 2 h after stimulation.
Interestingly, Mel showed a different time-course of cell
death induction compared to HT (Figure 4). Mel
continuously induced apoptosis throughout the entire
experiment of 24 h duration at a nearly constant level of
about 0.4-0.9% per h, whereas heat had a maximum effect
between 2 and 6 h after stimulation, with a cytotoxic rate of
2.4±0.9% per h. After 12 h, heat mediated no further
cytotoxicity. The combined application of Mel and HT
reflected the time kinetics of both stimuli with an early
maximum and a persistent level of cytotoxicity throughout
the 24 hours of observation. However, between 2 and 6 h
post stimulation, the combination of Mel and HT achieved a
superadditive effect (cytotoxic rate of 4.6±0.5% per hour)
compared to each stimulus given alone.

Effects of Mel and/or HT on the expression of apoptosis-
related genes. To investigate the differential regulation of
gene expression by Mel and/or HT, a commercial cDNA
array from R&D Systems was used, featuring 198 apoptosis-
related genes, including pro- and antiapoptotic factors, cell
cycle regulators, caspases, signal transduction factors, as well
as cytokines and their receptors. Total RNA was isolated 6 h

after stimulation of the RD-ES cells with Mel and/or HT,
complementary DNA was produced and hybridised with the
cDNA array membranes. The intensity of each duplicate spot
was measured and normalized to the average expression of
concomitantly hybridised housekeeping genes.

To decide whether there was substantial up- or down-
regulation in the gene expression in RD-ES cells following
treatment, a threshold of a twofold difference was
implemented. This expression difference had to be significant
throughout three independent experiments. Genes with a
general expression level below 2.0 AE were excluded from
analysis. According to these definitions, 20 out of 198 genes
were identified to be differentially expressed after the
treatment with Mel and/or HT (Table I). The single
application of Mel resulted in enhanced mRNA expression of
3 genes (caspase-3, p21 and TRAIL-R4), whereas the
expression of 4 genes was suppressed (XIAP, RB1, IGF-I R
and IL-1 R AcP). HT induced the transcription of 11 genes
(eNOS, TFAR15, caspase-8, bcl-10, FAN, par-4, PTEN, Fas,
TRAIL-R1, TRAIL-R2 and TRAIL-R4). The expression of
bcl-10 was also significantly enhanced by the combined
stimulation with Mel and HT. Other genes that were
synergistically stimulated by Mel and HT were 4-1BBL
(CD137L) and DRAK2. The gene for PAK1B was the only
gene which was down-regulated by the combined stimulus.

Inhibition of the interaction of CD137 and CD137L. CD137L
was reported to mediate a pro-apoptotic effect in the ligand-
bearing cells when stimulated in the context of reverse
signalling (38, 50). The binding of CD137L to its receptor
was blocked with a non-stimulatory Ab (BBK-2) to
investigate the role of CD137L in mediating cytotoxicity
through Mel in combination with HT. The inhibition of the
CD137 and CD137L interaction had no effect on the amount
of cell death induced by Mel and HT (Figure 5). This finding
was unexpected and prompted us to examine whether the
membrane expression of CD137L at all resembled the mRNA
expression changes which were seen after the stimulation with
Mel and HT. By using a FITC-labelled anti-CD137L Ab and
flow cytometry, we demonstrated that neither unstimulated
RD-ES cells nor Mel- and HT-treated cells exhibited CD137L
protein on the cell surface (data not shown).

DRAK2 expression in RD-ES cells. To investigate the protein
expression of DRAK2, another pro-apoptotic gene whose
mRNA expression was up-regulated by the combined
stimulus of Mel and HT, nuclear protein was isolated from
the RD-ES cells and Western blot analysis was performed.
DRAK2 protein could be detected in the RD-ES cells under
all culture conditions, i.e. in stimulated as well as in
unstimulated cells (Figure 6). A major enhancement of the
protein expression after treatment with Mel and HT was not
recorded by this semi-quantitative method.
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Figure 3. Role of caspase-activation in Mel- and HT-induced
cytotoxicity. Cell cultures were preincubated with the general caspase
inhibitor z-VAD-fmk (100 μM) or equal volumes of DMSO 1 h before
application of Mel (10 μg/ml) and/or HT. Cytotoxicity was measured by
AV/PI staining and flow cytometry 24 h after stimulation. Results are
expressed as caspase-dependent and caspase-independent cytotoxicity
calculated as described in the Materials and Methods section. Mean and
SEM values of 4 independent experiments are shown.



TRAIL-R2 expression. Finally, the membrane expression of
a third gene, TRAIL-R2, was investigated, since TRAIL-R2
showed a high basal expression in the control culture and
was enhanced by HT to nearly threefold. Likewise, a great
percentage of RD-ES cells in the unstimulated control
culture expressed the pro-apoptotic TRAIL-R2 receptor on
the cell membrane. Heat stimulation seemed to further
enhance membrane expression, but only to a slight extent,
while Mel had no significant effect on the protein expression
of TRAIL-R2 (Figure 7).

Discussion

In the present investigation, Mel induced cell death in the
Ewing’s sarcoma cell line RD-ES in a dose-dependent
manner. Mel mediated markedly enhanced cytotoxicity in a
concentration range (5-10 μg/ml) which is achieved in the
plasma of patients treated with Mel (44). Thus, RD-ES cells
can be regarded as Mel-sensitive. Generally, Ewing tumours
respond well to treatment with Mel, which is frequently
used in high-dose chemotherapy regimens for patients with
ET (4, 29, 45). In the present study, HT (42˚C/2 h) also
induced remarkable cytotoxicity in the RD-ES cells. Similar
results were published by Debes and co-workers, who
investigated the effect of HT on different ET cell lines; all
tested cell lines responded to heat treatment (7, 8).
Furthermore, it was shown in the present study that HT
enhanced the cytotoxic effect of Mel when applicated
simultaneously with the drug. Although an enhancement of
Mel-induced cytotoxicity under hyperthermic conditions has
been shown in many tumour models (18, 39, 40, 51-53), to
date there has not been any report of a synergistic effect of
Mel and HT in ET cells.

By further investigating the cytotoxic effect in the context
of apoptosis the role of caspases became clear for both Mel
and HT. Both stimuli induced activation of caspase-3, which
is one of the key effector caspases in apoptosis. By inhibiting
caspase activation with a general caspase inhibitor, it was
shown that the cytotoxicity of both stimuli was almost
completely caspase-dependent. In former studies, we and
others have shown the important role of caspases for the
cytotoxic effect of heat in various tumour cells. Kobayashi
et al. demonstrated heat-induced apoptosis by caspase-3
activation in HeLa cells. Administration of a caspase-3
inhibitor diminished the heat-induced apoptosis in their study
(23). Likewise, our group documented an activation of
caspase-3 by HT in leukaemic CEM and REH cells and heat-
induced cell death which was mainly due to caspase-
dependent mechanisms (35, 36). An activation of caspase-3
in response to Mel treatment was recently reported by others
(5, 14, 25). Kresse and colleagues found the cytotoxicity of
Mel to be caspase-dependent (25). In contrast, our group
found neither caspase-3 activation nor dependence of

caspases for the cytotoxic effect of Mel in the
rabdomyosarcoma cell line TE-671 (21). However, this cell
line seemed to be resistant to Mel, as the drug was effective
only at concentrations of 50 μg/ml and above, which cannot
be achieved in clinical use. Cell death might have been due
to necrosis in these cells triggered by very high drug
concentrations.

In kinetic analyses, Mel induced a continuous level of
cytotoxicity in RD-ES cells over 24 h. Heat alone mediated
an early peak of cytotoxicity (at 2-6 h), whereas with the
combination of Mel and HT after a high early peak (at 2-6 h),
cytotoxicity decreased to the same level that was observed
with Mel stimulation alone. It is therefore very likely that the
early peak of cell death was mainly induced by the
hyperthermic stimulus and the late elevation of cytotoxicity
above baseline by Mel. In a previous study, our group
demonstrated similar results in a human T-cell leukaemia line
(CEM) with an early maximum of HT-mediated cell death
directly after heat application and a later peak of cytotoxicity
by cisplatin, both of which could be induced by a combined
stimulus of heat and cisplatin in CEM cells (36). However, in
the present study, the early cytotoxic peak of Mel and HT in
combination was superadditive compared to the cytotoxicity
of each stimulus given alone. This could be due to the
recruitment of additional cytotoxic pathways by the combined
stimulus in this time interval.

Using a commercial cDNA-Array, we investigated the
gene expression in RD-ES cells 6 h after treatment with Mel
and/or HT. Twenty out of 198 apoptosis-related genes
featured in this gene array were identified to be regulated
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Figure 4. Time-course of Mel- and HT-induced cytotoxicity. RD-ES cells
were stimulated with Mel (10 μg/ml) and/or HT. AV/PI staining and flow
cytometry were performed immediately after water bath incubation
(0 h) and after an additional 2, 6, 12 or 21 h of culture under standard
conditions. Results are expressed as the percentage of specific
cytotoxicity, calculated on a per hour basis as described in the
Materials and Methods section. Mean and SEM values of 7 independent
experiments are shown.



after stimulation with either Mel, heat or the combination of
both. Mel suppressed the mRNA expression of XIAP, an
important member of the inhibitors of apoptosis protein
family, which act antiapoptotically through inactivation of
active caspases (10, 11). Moreover, Mel mediated
suppression of the retinoblastoma gene, whose gene product
is reported to be antiapoptotic (6, 13), and two genes of the
cytokine family (IGF-1 R and IL-1R AcP), which are also
involved in pathways with antiapoptotic potency (2, 24, 26,

42, 46). The mRNA expression of the effector caspase-3 and
the tumour suppressor gene p21 was enhanced after Mel-
treatment. Although TRAIL-R4, an antiapoptotic gene (9,
32), was concomitantly induced, altogether the genetic
regulation was driven towards apoptosis induction by Mel.

HT in principle induced genes involved in the extrinsic
pathway of apoptosis. The mRNA expression of three death
receptors of the tumour necrosis factor superfamily was up-
regulated (Fas, TRAIL-R1 and TRAIL-R2). Although the
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Table I. Effects of Mel and/or HT on apoptosis-related gene expression in RD-ES cells. Gene expression was analysed using the human apoptosis
expression array, which contains the PCR products of 198 apoptosis-related genes. Six hours after stimulation with Mel (10 μg/ml) and/or HT, RNA
was isolated from the RD-ES cells, reverse transcription was performed incorporating [α-32P]-deoxycytidine-triphosphate, and the labelled cDNA
was hybridised to the array membranes. Hybridisation signals were detected with a phosphor imager and normalised to the average signal of the
housekeeping genes. Mean values of 3 independent experiments are shown.



decoy receptor TRAIL-R4 was also induced by heat, the
overall balance of pro-apoptotic and antiapoptotic receptors
seemed to be regulated in favour of the death receptors.
However, since the receptor profile does not always correlate
with the response to TRAIL stimulation (9), the definitive
effect of HT on the response to TRAIL cannot be predicted.
HT also induced the transcription of caspase-8, which is the
key initiator caspase of the receptor pathway (30). With FAN
and par-4 two other genes involved in the extrinsic apoptosis
pathway were also induced; FAN mediates a communication
with the synthesis pathway of pro-apoptotic ceramide (1)
and par-4 regulates factors of the extrinsic as well as the
intrinsic pathway in favour of apoptosis induction (12, 41).

The combination of Mel and HT led to a down-regulation
of PAK-1 which is a p21-activated kinase with antiapoptotic
and mitogenic function (27). The expression of bcl-10 was
enhanced by HT with Mel as well as by heat given alone.
Other genes that were significantly up-regulated by the
combined stimulus were CD137L (4-1BBL) and DRAK2, for
both of which a pro-apoptotic effect has been published (31,
33, 38, 49, 50). However, in our experiments, CD137L
played no role in apoptosis induction in RD-ES cells, as the
blockage of CD137-CD137L interaction did not affect the
cell death rate. Moreover, at the protein level, CD137L was
not detected on the surface of unstimulated or stimulated
RD-ES cells. Salih and co-workers reported that CD137L
can be released from the cell membranes in soluble form
(48), which could be true for the RD-ES cells. The meaning
of this release has not yet been elucidated.

DRAK2 protein expression was analysed by Western
blotting of nuclear fractions of RD-ES cells. Thereby no
clear difference in protein levels of DRAK2 with or without

stimulation could be shown. DRAK2 was reported to be a
nuclear protein (49). However, recently it has been found
localized to the cytoplasm as well, although only the nuclear
fraction seems to be relevant for apoptosis induction (28).
The absence of an increase of protein expression despite
enhanced mRNA levels in the cDNA array experiments
could also be due to a latency period between transcription
and translation of DRAK2 protein. Moreover, the low
expression profile of DRAK2 and the fact that Western
blotting as a semi-quantitative method cannot detect slight
changes of protein expression might account for the lack of
enhancement of DRAK2 protein levels.
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Figure 5. Effect of inhibitory anti-CD137 antibody on Mel- and HT-
induced cytotoxicity. RD-ES cells were preincubated for 1 h either with
the nonstimulatory anti-CD137 antibody BBK-2 or with Ig-G1 as a
control. The cells were then stimulated with Mel (10 μg/ml) and/or HT.
Cytotoxicity was measured by AV/PI staining and flow cytometry 6 h
after stimulation. Mean and SEM values show the specific cytotoxicity of
3 independent experiments.

Figure 6. DRAK2 protein expression in RD-ES cells. Cells were
stimulated with Mel (10 μg/ml) and/or HT. Six hours after waterbath
incubation, nuclear protein was extracted and protein levels were
determined photometrically. SDS polyacrylamide electrophoresis and
Western blot analysis with anti-DRAK2 antibody were performed. Jurkat
cell lysate was used as a positive control. The blots represent one out
of two separate experiments.

Figure 7. Surface expression of TRAIL-R2 in unstimulated and stimulated
RD-ES cells. Cell cultures were stimulated with Mel (10 μg/ml) or HT.
After 6 h, surface expression of TRAIL-R2 was determined using a FITC-
labelled anti-TRAIL-R2 antibody and flow cytometry. Mean and SEM
values of 3 independent experiments are shown. Significant enhancement
of TRAIL-R2 expression (p<0.05) is indicated by *.



The membrane expression of the pro-apoptotic TRAIL-
receptor TRAIL-R2 was quantified by flow cytometry, since
the particular mRNA level was remarkably high in
unstimulated RD-ES cells and was further enhanced after heat
treatment. Accordingly, TRAIL-R2 was highly expressed on
the surface of unstimulated RD-ES cells with a percentage of
68.9±3.1% of cells being TRAIL-R2 positive. The heat-
treated culture showed a slight enhancement of TRAIL-R2
expression, which was significantly higher than TRAIL-R2
expression after Mel stimulation, but showed only a trend to
a difference compared to the control culture (p=0.054).

In conclusion, this study demonstrates for the first time that
combination treatment with Mel and HT results in enhancement
of antitumour activity against ET cells. Thermochemotherapy
with Mel could therefore be a therapeutic option to intensify
treatment for patients with HR-ET. However, further studies are
needed to clarify the benefit and any possible side-effects of this
therapy. Moreover, our results give insight into the complex
genetic regulation in tumour cells in response to cytotoxic
stimulation. Further studies based on the presented data could
help to elucidate the divergent mechanisms involved in
apoptosis induction and cell protection following cellular stress.
In the present study, the different kinetic effects and gene
regulation profiles after stimulation with Mel and HT suggest
that these stimuli trigger different molecular pathways, which
could explain the enhancement of cytotoxicity when both
stimuli are applied in combination.
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