
Abstract. Background: The NFκB signalling pathway plays an
important role in chemoresistance and decreased apoptosis. One
indirect way to inhibit the NFκB pathway is to slow down the
proteasomal degradation of its inhibitor IκB, thus preventing
NFκB from translocation into the nucleus. Hence, the effect of
the proteasome inhibitor bortezomib (Velcade®) on the cell
proliferation of the MV3, FemX-1 and G361 human melanoma
cell lines and its action in combination with the PPAR-Á agonist
rosiglitazone or the mistletoe lectin ML-I, both having anti-
proliferative effects on melanoma cells in single agent use, was
investigated. Materials and Methods: Proliferation of melanoma
cells under the different treatment regimes over a broad
concentration range (0.0001-100 Ìg/ml) was assessed by means
of the XTT cell proliferation assay. Results: At a concentration of
0.1 Ìg/ml bortezomib significantly reduced the proliferation rate
of all melanoma cells to 1-13% of the control, which was
mediated through increased apoptosis and inhibition of NFκB
expression. Furthermore, the combination of bortezomib and
rosiglitazone was the most potent and increased the effectiveness
against melanoma cell growth by 63-71% (compared to single use
of rosiglitazone) and by 27-39% (compared to single use of
bortezomib), respectively. Conclusion: This combination strategy
might be a promising approach for future melanoma therapy.

Malignant melanoma has increased dramatically in incidence
during recent decades and prognosis for patients with
metastatic disease remains dismal, despite a wide variety of
therapeutic options including immuno-, radio- and

chemotherapy (1). Part of the reason for this treatment
failure is the broad chemoresistance of melanoma. One
molecule which plays a crucial role in chemoresistance, is the
nuclear factor (NF) κB (2). NFκB is a heterodimeric
transcription factor, mostly composed of 65 and 50 kDa
subunits, which is prevented from translocation into the
nucleus through association with a family of inhibitory
proteins called IκB. Upon stimulation through cytokines,
such as tumour necrosis factor-·, the IκB is phosphorylated,
ubiquitinated and subsequently degraded in the 26S
proteasome (3). Subsequently, the released NFκB
translocates into the nucleus, where it activates transcription
of genes, whose products can inhibit apoptosis by mediating
cellular survival responses (4). In addition, NFκB also
regulates angiogenesis, cell cycle control, adhesion and
migration (5). One way to indirectly inhibit the NFκB
pathway is via the inhibition of the 26S proteasome, leading
to increased levels of IκB inhibitory subunit. Bortezomib
(Velcade®) is the first proteasome inhibitor that has entered
clinical trials and was approved for the therapy of refractory
and relapsed multiple myeloma (6). Therefore, the first aim
of this study was to investigate a possible anti-proliferative
effect of bortezomib on human malignant melanoma cells
through inhibition of NFκB, leading to increased apoptosis. 

The second aim of this study was to investigate whether
bortezomib increases the susceptibility of melanoma cells to
agents which have proven anti-proliferative effects on
malignant melanoma, thereby augmenting their cytotoxity.
Such agents include the glitazones, acting as peroxisome
proliferator activated receptor-Á (PPAR-Á) agonists, for
which anti-proliferative effects on diverse cancer cells have
been described, including human malignant melanoma cells
(7). The ligand bound PPAR-Á heterodimerises with the
Retinoid X Receptor (RXR) and this heterodimer complex
binds to peroxisome proliferator responsive elements
(PPRE) consisting of specific DNA sequences and activates
transcription of genes involved in cellular differentiation
and cell growth. However, the exact mechanism underlying
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the anti-proliferative effects of glitazones on tumour cells
are still being explored. Another is mistletoe lectin-I (ML-
I). ML-I shows many similarities to ricin (8), both belonging
to the type-II-family of ribosome inactivating proteins.
Upon binding of the B-chain on the cell surface, the
cytotoxic A-chain is retrogradely transported from the
endoplasmic reticulum (ER) into the cytosol, where it
inhibits ribosomal function leading to apoptosis (9). As a
recent study showed an anti-proliferative effect of ML-I on
malignant melanoma cell lines in vitro (10), a combination
with bortezomib might therefore further augment the
cytotoxic effect of ML-I on melanoma cells.

Materials and Methods

Reagents. The proteasome inhibitor bortezomib (Velcade®) was
purchased from Millenium pharmaceuticals Inc. (Cambridge,
England, UK). The synthetic PPAR-Á agonist used in this study
was rosiglitazone, kindly provided by GlaxoSmithKline (Munich,
Germany). The mistletoe lectin ML-I was kindly provided by Prof.
Dr. U. Pfüller (Institut für Phytochemie, private Universität
Witten/Herdecke gGmbH, Germany). 

Human melanoma cell lines and cell culture. Three different human
cutaneous melanoma cell lines were used. The MV3 cell line was
established from a metastatic melanoma lymph node (11). The
G361 cell line established from a primary malignant melanoma was
obtained from the American Type Culture Collection (Manassas,
VA, USA, ATCC No. CRL-1424). The FemX-1 cell line was
established from a metastatic lymph node (12). Cell lines were
grown as monolayers in culture flasks (Nunc, Roskilde, Denmark)

in RPMI-1640 medium supplemented with 10% heat-inactivated
fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin and 100
mg/ml streptomycin (all from Gibco® Invitrogen, Carlsbad, USA)
in a 37ÆC humidified 5% CO2 atmosphere. 

The effect of bortezomib on cell proliferation. For the cell proliferation
studies, cells were seeded at concentrations of 14,000 cells/ml (MV3,
FemX-1) or 16,000 (G361) into 96-well culture plates (Greiner,
Frickenhausen, Germany) and allowed to attach for 48 h. Cells were
then treated with seven different concentrations ranging from 0.0001-
100 Ìg/ml of bortezomib. Cells were incubated for 48 h and cell
viability was measured using a sodium 3’-[1-(phenylaminocarbonyl)-
3,4-tetrazolium]-bis (4-methoxy-6-nitro) benzene sulfonic acid
hydrate (XTT)-based assay (Roche, Mannheim, Germany). The
absorbance of untreated controls was taken as 100% survival and
absorbance of treated cells was taken as the percentage that of the
control and their survival extrapolated. To ascertain statistical
differences between the control cells and the treated cells, a
Friedman-test followed by the Dunn’s-post-test was performed.
P<0.05 was considered statistically significant. Furthermore, dose-
response curves were determined and the EC50 values were
calculated. Each concentration was tested in quadruplicate and each
experiment was repeated independently for three times.

Detection of apoptosis. Because of the high metastatic potential of
the MV3 melanoma cells this cell line was used exemplarily for the
following experiments. MV3 cells were separated via trypsinisation
and transferred into 6-well microtitre plates (Greiner,
Frickenhausen, Germany) at a concentration of 1.5x104 cells/200 Ìl
and cultured for 24 h. To make sure, that any possible apoptotic
effect of bortezomib is detected, a concentration nearly the
maximum concentration was choosen. Therefore, 10 Ìg/ml of
bortezomib was administered and cells were incubated for 24 h.
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Figure 1. Effect of various concentrations of bortezomib on the cell
proliferation of human melanoma cell lines MV3, FemX-1 and G36,
respectively. Values indicate percentage proliferation in comparison to the
control. Bars and error bars represent the mean and SD, respectively of
three independent experiments performed in quadruplicate. *p<0.05,
**p<0.01, ***p<0.001. 

Figure 2. Comparison of the dose response curves of bortezomib on
human melanoma cell lines MV3, FemX-1 and G361. 



During the experiments, morphological changes of melanoma cells
were observed under light microscopy. After incubation, cytospins
were prepared. Any floating and adherent cells were collected,
rinsed in phosphate-buffered saline (PBS), and centrifuged for 10

min at 1500 rpm. The supernatant was decanted, cells were re-
suspended in 600 Ìl PBS of which 200 Ìl were centrifuged for 3 min
at 1500 rpm, where cells were spun down on microscope glass
slides. Slides were subsequently processed for the Feulgen reaction

Freudlsperger et al: Combination of Bortezomib with ML-I and PPAR-Á Agonists 

209

Figure 4. Immunocytochemical detection of the NFκB subunit p65 in
human malignant melanoma cells MV3: (a) Untreated control cells. (b)
Cells treated with 1 Ìg/ml of bortezomib for 4 hours. Bortezomib treated
cells showed less NFκB staining in the cytoplasm and especially in the
nuclei (black arrows), indicating that bortezomib treatment inhibits the
activation and translocation of NFκB into the nucleus.

Figure 3. Detection of bortezomib induced apoptosis in MV3. (a) Cells
were incubated with 10 Ìg/ml bortezomib for 24 h and nuclei were stained
by the Feulgen reaction. Black arrows: Apoptotic bodies (b) control cells.
(c) Cells were incubated with different concentrations of bortezomib and
apoptosis was measured via Elisa determination of ABTS substrate. The
amount of measured ABTS substrate represented the amount of DNA-
fragments resulted from apoptosis. 



(13). In brief, cells were fixed in 4% buffered formalin and then
rinsed in 1N HCl for 1 min, followed by hydrolysis in 1N HCl for 8
min at 60ÆC. After further washes in 1N HCl, cells were
transferred into Schiff’s Reagent (Merck, Darmstadt, Germany) for
45 min, followed by washes in 10% potassium-disulphite. Finally,
slides were covered with Crystal Mount and Clarion (Biomedia,
Foster City, CA, USA) and nuclei were examined and
photographed under a Zeiss Axioplan photomicroscope. 

Furthermore apoptosis was measured using a cellular DNA
fragmentation ELISA kit (Roche, Mannheim, Germany). The assay
is based on the addition of anti-DNA-peroxidase (POD) which
reacts with the DNA-fragments resulted from apoptosis. The Elisa
procedure determinates the amount of peroxidase retained in the
immunocomplex with ABTS (2,2’-azino-di-[3-ethylbenzthiazoline
sulfonate (6)]), as a substrate. Therefore, exponentially growing
MV3 cells were diluted with culture medium to a cell concentration
of 5x105 cells/ml and 500 Ìl cell suspension was transferred into
Eppendorf tubes. Culture medium (500 Ìl) was added containing
different concentrations of bortezomib (100 Ìg/ml, 10 Ìg/ml). The
cellular assay and the ELISA procedure were performed according
to the manufacturer’s instructions.

Immunocytochemistry. MV3 cells were placed on Falcon®

cultureslides (Becton Dickinson Laborware, Franklin Lakes, USA)
at a concentration of 1x105 cells/ml. After incubation for 48 h, new
culture medium was added containing 1 Ìg/ml of bortezomib for
the treated cells or pure culture medium for control cells. After
incubation for 4 h cells were fixed in 4% paraformaldehyde for 30
min at room temperature followed by washing with 0.1% Triton X-
100 to achieve cell membrane and nuclear permeability. Non-

specific binding was blocked by incubation with normal rabbit
serum (1:10, Dako, Glostrup, Denmark) for 30 min. Cells were
incubated with a 1:50 diluted mouse anti-human anti-NFκB p65
monoclonal antibody (Santa Cruz Biotechnology Inc., CA, USA)
overnight at 4ÆC. Biotinylated diluted rabbit anti-mouse antibody
1:200 (Dako, Glostrup, Denmark) was incubated for 30 min at
room temperature. Cells were incubated for 30 min with alkine
phosphatase-labelled streptavidin (Vectastain®-ABC-AP Kit,
Vector Laboratories, Burlingame, USA). Enzyme reactivity of the
alkaline phosphate complex was visualised using Naphtol-AS-
biphosphate and hexatozised New Fuchsin was used as chromogen
(all reagents: Sigma-Aldrich, St. Louis, MO, USA). Negative
controls were treated in the same way but the primary antibody was
replaced with PBS. Slides were covered with Crystal Mount and
Clarion (Biomedia, Foster City, CA, USA) and were examined and
photographed under a Zeiss Axioplan photomicroscope.
Extraction of cytoplasmic and nuclear proteins. MV3 cells were
cultured as described above and allowed to reach 90% confluence.
New culture medium was added containing 1 Ìg/ml of bortezomib
for the treated cells, or pure medium for control cells. After
incubation for 24 h, cells were then washed twice in ice-cold PBS
and accumulated in 1 ml PBS using a cell scraper (Greiner Bio-
One GmbH, Frickenhausen, Germany). Protein was extracted as
described elsewhere (7).

Western blot analysis. Protein concentrations were measured using
the Bradford method (14). Protein 40 Ìg per lane was boiled in
sample buffer (0.5 M Tris-HCl, pH 6.8, glycerol, 10% SDS, 0.5%
bromphenol blue, mercaptoethanol) for four minutes at 95ÆC.
Proteins were separated in duplicates using 13% sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE; Bio-Rad,
Hercules, CA, USA). After electrophoresis, the separated proteins
were electrotransferred onto a nitro-cellulose membrane
(Hybond®-ECL®, Amersham Biosciences, Freiburg, Germany)
using a Mini Trans-Blot® Electrophoretic Transfer Cell (Bio-Rad).
After blocking with 4% milk powder in PBS containing 0.5%
Tween (Sigma, St. Louis, Missouri, USA) for 30 min, membranes
were incubated with a 1:200 diluted mouse anti-human anti-NFκB
p50 monoclonal antibody (Santa Cruz Biotechnology Inc.)
overnight at 4ÆC. The membranes were then washed with PBS
containing 0.05% Tween (Sigma-Aldrich) and incubated with a
1:200 diluted polyclonal rabbit anti-mouse antibody
(DakoCytomation) conjugated with horseradish peroxidase for 90
min at room temperature. The bound immune complexes were
visualised using Hybond ECL Nitrocellulose Membrane®

(Amersham Biosciences) and x-ray films (Fuji Medical X-Ray Film,
Fuji, Tokyo, Japan) were exposed to the membranes for 1-3 min.
The detection of ‚-actin was used as an internal control.
Differences in the expression of the p50 subunit of NFκB between
the treated cells and the untreated control cells were investigated
using the quantification software Quantity One® (Bio-Rad).
Statistical differences between the treated and the control cells
were calculated using the student’s t-test.

Effects of combination treatments on cell proliferation. Cell
proliferation studies were performed as described above. The
PPAR-Á agonist rosiglitazone and ML-I were added as single
agents or in combination with bortezomib in seven different
concentrations ranging from 0.0001-100 Ìg/ml. To ascertain
augmented anti-proliferative effects from the combination of
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Figure 5. Cytoplasmic and nuclear protein expression of the NFκB subunit
p50 in either bortezomib-treated MV3 melanoma cells or in untreated
control cells. Protein samples were applied in duplicates. The results of the
quantification of the Western blots are shown below. Statistical differences
between the treated and untreated cells were ascertained using the student’s
t-test.by. Bars and error bars represent the mean and SD, *p<0.05.



bortezomib with either rosiglitazone or ML-I, in comparison to the
single agent use, the total effect of each application on each cell
line was calculated from the respective area under the curve.
Thereafter the treatment with the lowest effect was taken as 100%
and remaining treatments were set in relation to this 100% value.

Results

The effect of bortezomib on cell proliferation. The results of the
cell proliferation assays are summarised in Figure 1.
Bortezomib inhibited the cell proliferation of all three human
melanoma cell lines in a dose dependent manner. Even at a
concentration of 0.01 Ìg/ml bortezomib significantly reduced
the proportion of viable cells of G361 to 14% of the control
(p<0.01). At a concentration of 0.1 Ìg/ml bortezomib already
significantly reduced the viable cells of MV3 to 13% (p<0.05)
and of FemX-1 to 1% (p<0.001) of the control, respectively.
Furthermore, the dose-response curves were performed for
each cell line (Figure 2) and the EC50 values were calculated
as: G361 6.0 ng/ml, FemX-1 7.8 ng/ml and MV3 19 ng/ml.

Detection of apoptosis. After treatment with bortezomib,
MV3 cells started rounding and exhibited cell shrinkage,
chromatin condensation and nuclear fragmentation typical
for apoptotic body formation indicating apoptotic cell death
(15). Examples of apoptotic body formation are given in
Figure 3a. In the untreated control cells, significantly fewer
apoptotic bodies were found (Figure 3b). The results of the
cellular DNA fragmentation ELISA kit affirmed this
observation (Figure. 3c). The amount of measured ABTS
substrate via Elisa procedure represented the amount of
DNA-fragments resulted from apoptosis. Treatment with
bortezomib induced apoptosis in a dose dependent manner.

Immunocytochemical analyses. As the inhibition of NFκB
seems to play a crucial role in the mechanism of bortezomib
action, staining of p65 - one subunit of the most classic
heterodimer form of NFκB - in bortezomib-treated MV3
cells and in untreated control MV3 cells was compared. In
the untreated MV3 cells staining of p65 (Figure 4a) was
detected both in the cytoplasm and in the nucleus, reflecting
a broad activation of NFκB. In the MV3 cells treated with 1
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Figure 6. Comparison of the total effect of each application on (a) MV3,
(b) FemX-1, (c) G361, respectively. The total effect was calculated
through the respective area under the curve, whilst the highest area under
the curve represents the lowest total effect. The application with the lowest
inhibition of cell growth was taken as 100%. In general, rosiglitazone as a
single agent showed the lowest growth inhibiting effect. The combination
of bortezomib and rosiglitazone showed a considerable anti-melanoma
effect in comparison to use of the single agent. Bars and error bars
represent the mean and SD, statistical differences are described in the text.

→



Ìg/ml of bortezomib staining of p65 (Figure 4b) was mostly
confined to the cytoplasm, whereas the nuclei were almost
left unstained, indicating an inhibition of translocation of
NFκB from the cytoplasm into the nucleus by bortezomib. 

Western blot analyses. The results from the Western blotting
confirmed the results found from immunocytochemistry
(Figure 5). Proteins were applied in duplicates. In both the
cytoplasmic and the nuclear protein fraction the p50 protein
content of the bortezomib treated cells was only about half
the protein content of the untreated control cells (both
52%). This finding indicates, that bortezomib inhibits the
activation of NFκB in the cytoplasm and its translocation
into the nucleus.

Effects of combination treatments on the cell proliferation. To
ascertain any benefit of a combination of bortezomib with
either rosiglitazone or ML-I in comparison to its use as a
single agent, the total effect of each application was assessed
by calculating the respective area under the curve.
Furthermore the application with the lowest effect on the cell
proliferation was taken as 100% and the remaining
treatments were set in relation to this 100% value the (Figure
6 a-c). Rosiglitazone showed the lowest effect on all three cell
lines (p<0.001). Among the combined applications, the
combination of bortezomib and rosiglitazone showed the
highest inhibition of cell proliferation on all three cell lines.
In comparison to the single use of rosiglitazone, the
combination of bortezomib and rosiglitazone significantly
increased the inhibition of cell proliferation for MV3 by 65%,
for Femx-1 by 63% and for G361 by 71%, respectively (all
p<0.001). In comparison to the single use of bortezomib, the
inhibition was significantly increased using the combination
for MV3 by 39%, for FemX-1 by 27% and for G361 by 28%,
respectively (all p<0.001). In comparison to the single use of
ML-I, the combination of bortezomib and ML-I only
increased the inhibition of cell proliferation significantly for
the G361 cell line by 17% (p<0.001), whilst compared to the
single use of bortezomib the inhibition was significantly
increased for MV3 by 22% and for G361 by 19% (all
p<0.001), respectively.

Discussion

In searching for novel anti-melanoma therapies, recent
developments have focused on the NFκB signalling pathway
which plays an important role in chemoresistance and
decreased apoptosis in melanoma cells (2). 

In this study, we demonstrated a significant dose-
dependent anti-proliferative effect of the proteasome
inhibitor bortezomib (Velcade®), already approved for the
treatment of refractory multiple myeloma (6), on three
different human melanoma cell lines in vitro. At a

concentration of 0.1 Ìg/ml bortezomib significantly reduced
the viable cells of MV3 to 13%, of FemX-1 to 1% and G361
to 9% of the control, respectively. This anti-proliferative
effect was attained through increased apoptosis, confirmed
both by assessment of the nuclear morphology and by
molecular analysis of DNA fragmentation. This increased
apoptosis was mediated through the inhibition of the NFκB
expression as shown by immunocytochemistry and
quantitative Western blotting. In a clinical phase II study,
however, bortezomib unfortunately failed in its use as a
single agent in melanoma treatment (16). Hence, the
principal aim of the present study was to investigate,
whether bortezomib could increase the susceptibility of
melanoma cells to chemotherapeutic agents, as has been
reported for temozolomide (17). Therefore, the effect of a
combination of bortezomib with either the PPAR-Á agonist
rosiglitazone, or ML-I, both of which have anti-proliferative
effects on melanoma cells in single agent use (7, 10), was
tested in the three melanoma cell lines. 

Indeed, the combination of bortezomib and rosiglitazone
showed a remarkable increase in the inhibition of cell
proliferation on all three cell lines compared to the single
agent. Starting at a concentration of 0.01 Ìg/ml the cell
proliferation of all cell lines decreased to only 1-11% of the
control. In comparison to the single use of rosiglitazone, the
additional treatment with bortezomib increased the
effectiveness against melanoma cell growth by 63-71%, and
in comparison to the single use of bortezomib, by 27-39%. 

PPAR-Á agonists like rosiglitazone exert diverse effects
on cancer cells, however, the exact mechanisms underlying
these effects are still being explored.

ML-I consists of a cytoxic A-chain and a carbohydrate
binding B-chain. Upon binding of the B-chain to the cell
surface, the cytotoxic A-chain is retrogradely transported
from the endoplasmic reticulum (ER) into the cytosol via the
ER-associated protein degradation (ERAD) pathway,
targeted to the proteasomes for degradation (18). Once in
the cytosol, the A-chain inhibits riobosomal function through
its N-glycosidase, leading to apoptosis (9). Wesche et al.
demonstrated that by inhibiting the proteasomes responsible
for ML-I degradation lactacystin, the toxicity of ricin was
increased approximately 3-fold (19). In this study, the
toxicity of ML-I could not be increased to such an extent by
inhibition of its proteasomal degradation by bortezomib. In
comparison to the single use of ML-I, the combination of
bortezomib and ML-I increased the inhibition of cell
proliferation significantly only for the G361 cell line by 17%. 

Conclusion

This study showed a significant, dose-dependent anti-
proliferative effect of bortezomib on human malignant
melanoma cells in vitro through increased apoptosis,
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mediated by an inhibition of NFκB expression.
Furthermore, proteasome inhibition by bortezomib
increased the susceptibility of certain melanoma cells to the
anti-proliferative effects of either the PPAR-Á agonist
rosiglitazone or the cytotoxic ML-I, with a combination of
bortezomib and rosiglitazone being most effective in their
anti-proliferative potential. 
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