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A B S T R A C T   

Primary and acquired therapy resistance is a major problem in patients with BRAF-mutant melanomas being 
treated with BRAF and MEK inhibitors (BRAFI, MEKi). Therefore, development of alternative therapy regimes is 
still required. In this regard, new drug combinations targeting different pathways to induce apoptosis could offer 
promising alternative approaches. Here, we investigated the combination of proteasome and Kv1.3 potassium 
channel inhibition on chemo-resistant, BRAF inhibitor-resistant as well as sensitive human melanoma cells. Our 
experiments demonstrated that all analyzed melanoma cell lines were sensitive to proteasome inhibitor treat-
ment at concentrations that are not toxic to primary human fibroblasts. To further reduce proteasome inhibitor- 
associated side effects, and to foster apoptosis, potassium channels, which are other targets to induce pro- 
apoptotic effects in cancer cells, were blocked. In support, combined exposure of melanoma cells to protea-
some and Kv1.3 channel inhibitor resulted in synergistic effects and significantly reduced cell viability. On the 
molecular level, enhanced apoptosis correlated with an increase of intracellular Kv1.3 channels and pro- 
apoptotic proteins such as Noxa and Bak and a reduction of anti-apoptotic proteins. Thus, use of combined 
therapeutic strategies triggering different apoptotic pathways may efficiently prevent the outgrowth of drug- 
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resistant and -sensitive BRAF-mutant melanoma cells. In addition, this could be the basis for an alternative 
approach to treat other tumors expressing mutated BRAF such as non-small-cell lung cancer.   

1. Introduction 

Treatment of metastatic melanoma has been extraordinarily 
improved over the past decade by approval of small-molecule kinase 
inhibitors and checkpoint blocking antibodies [1,2]. Depending on the 
mutation status, e.g. oncogenic mutations at position V600 in the BRAF 
gene, BRAF and MEK inhibitor combinations are first-line treatments 
targeting the MAPK signaling pathway [3,4] or are administered as 
second-line therapy in patients with resistance to PD-1-based immuno-
therapy [5]. Limits are given due to primary and acquired therapy 
resistance as consequences of tumor heterogeneity and immune evasion 
[6,7]. In addition, and based on the underlying mechanism that check-
point inhibitors target T cell activity, tumors with low T cell count 
cannot be efficiently controlled by immune checkpoint inhibitors [8]. 

To overcome drug resistance and therapy failure due to the absence 
of cellular target structures, i.e. tumors expressing wild-type BRAF and 
low numbers of infiltrating T cells, identification of new targeted ther-
apy combinations is required. In this context, proteasome inhibitors 
have become important which block the activity of the proteasome 
complex, the proteolytic component of the ubiquitin-proteasome-system 
(UPS). The UPS plays a central role in regulating the degradation of 
damaged or short-lived proteins thereby interfering with cell cycle 
progression, gene expression, response to oxidative stress, cell prolifer-
ation, inflammation and apoptosis [9–11]. The proteasome complex 
contains a 20 S catalytic core particle, which is composed of four stag-
gered rings, each containing seven non-identical subunits, three of 
which (β1, β2, and β5) express the active sites. In the presence of type I 
and/or type II interferons, the β1, β2 and β5 standard subunits are 
replaced by the immunosubunits β1i/LMP2, β2i/MECL-1 and β5i/LMP7, 
thereby forming de-novo synthesized immunoproteasome complexes 
[12]. In this regard, recently published data demonstrate that the 
expression of immunoproteasome subunits β1i/LMP2 and β5i/LMP7 in 
melanoma reflecting an IFN-γ signature correlates positively with the 
strength of patients’ immune response to checkpoint inhibitors [13]. 
Furthermore, proteasome inhibition interferes with NFκB-activation by 
stabilization of its inhibitor IκBα. This seems to be of particular impor-
tance in melanoma where a pro-inflammatory microenvironment with 
an activated NFκB-pathway and high level of tumor necrosis factor 
(TNF)-α causes dedifferentiation and growth of melanoma cells [14]. 

Bortezomib was the first proteasome inhibitor approved for the first- 
and second-line treatment of multiple myeloma due to its efficiency in 
non-solid tumors. Immunoproteasome reactive inhibitors are part of 
phase II clinical trials for the treatment of chronic inflammatory diseases 
[15]. In solid tumors, however, therapeutic limitations are attributed to 
sub-optimal tumor penetration and neurotoxic side-effects [16]. To 
resolve the issue of inhibitor distribution, proteasome inhibitors con-
taining a highly active reversible binding lead motif have been devel-
oped which have the potential to penetrate deep into tissue [17]. Several 
in vitro and in vivo studies have proposed the increased efficacy of in-
hibitor combinations that target proteasomes and other proteins 
important for melanoma cell survival. In this regard, combinations with 
MCL-1 inhibitor and bortezomib [18], proteasome and XIAP antago-
nists, which interfere with the inhibition of the apoptotic cell death 
mediated by XIAP [19] and combined treatment with proteasome in-
hibitor and IFN-α [20] or IFN-β [21] resulted in enhanced cell death in 
melanoma. 

Another class of therapeutic targets for tumor regression are ion 
channels, in particular voltage-gated potassium channels representing 
the largest group. Kv1.3 potassium channels can be found in many 
normal and cancerous cell types. They are expressed in the plasma 
membrane and inner mitochondrial membrane of the cell [22]. 

Inhibition of mitochondrial Kv1.3 (mitoKv1.3) channels results in in-
duction of apoptosis which can be mediated by binding of the 
pro-apoptotic protein Bax to the channel pore [23]. In addition, 
mitoKv1.3 channel inhibition leads to apoptosis of cancer cells even in 
the absence Bax and Bak [24,25]. 

In this study, we analyzed the biological effects of a combined target- 
based approach on drug-resistant and sensitive human melanoma cells 
using the proteasome inhibitor BSc2189 with a highly active α-ketoa-
mide group [17,26] and the FDA approved Alzheimer’s drug memantine 
which blocks N-methyl-D-aspartate type glutamate receptors (NMDARs) 
as well as Kv1.3 potassium channels [27,28]. As model systems we used 
chemoresistant and BRAFi-resistant as well as corresponding wild-type 
cell lines. Our data show that proteasome inhibitor treatment reduces 
cell viability of all melanoma cell lines at concentrations that are 
non-toxic to primary human fibroblasts. Furthermore, combined expo-
sure of melanoma cells to both proteasome and Kv1.3 inhibitor signifi-
cantly increases apoptosis compared to proteasome inhibition alone 
which results in synergistic reduction of melanoma cell growth. 

2. Material and methods 

2.1. Chemical reagents 

BSc2189 [29], Bortezomib (Selleckchem, #S1013), Etoposide 
(Bristol-Myers Squibb), Vemurafenib (PLX-4032, Selleckchem, 
#S1267), PAP-1 (Sigma-Aldrich, #P6124) and TRAM-34 (Selleckchem, 
#S1160) were dissolved in DMSO. Memantine (Tocris, #0773) was 
dissolved in water. 

2.2. Cell culture 

Human melanoma cell lines MeWo (RRID:CVCL_0445), BRAF wild- 
type [30], etoposide-resistant MeWoEto (RRID:CVCL_AZ62), 
BRAF-mutant (BRAFV600E) Ma-Mel-63a (RRID:CVCL_A198), 
Ma-Mel-66a (RRID:CVCL_A201), Ma-Mel-86c (RRID:CVCL_C7TP)[31, 
32] and BRAFi PLX-4032-resistant Ma-Mel-63aPLX, Ma-Mel-66aPLX and 
Ma-Mel-86cPLX were obtained by Westdeutsche Biobank Essen 
(WBE/SCABIO, University Hospital Essen). Melanoma cell lines were 
grown in RPMI-1640 Medium (Merck, #F1215) supplemented with 10% 
FCS, penicillin (100 U/ml, Merck, #A2212) and streptomycin (100 
µg/ml, Merck, #A2212). Addition of 1 µg/ml etoposide to the MeWoEto 
cells and 1 µmol/l (final concentration) PLX-4032 to the Ma-Mel-63aPLX, 
Ma-Mel-66aPLX and Ma-Mel-86cPLX twice a week maintained inhibitor 
resistance. Cell lines were authenticated by genetic profiling on genomic 
DNA at the Institute for Forensic Medicine (University Hospital Essen) 
using the AmpFLSTR-Profiler Plus kit (Applied Biosystems). Primary 
human fibroblasts (PromoCell, #C-12352) were cultivated according to 
manufacturer’s instructions. For stimulation cells were seeded in 6-well 
plates. After 24 h, IFN-γ (Peprotech, #300–02) or TNF (Peprotech, 
#300–01 A) was added for the indicated time periods. Rat glioma cell 
line C6 (RRID:CVCL0194) was a kind gift from A. Vogelgesang 
(Department of Neurology, University Medicine Greifswald). C6 cells 
were grown in RPMI-1640 Medium (Merck, #F1215) supplemented 
with 10% FCS. Murine cytotoxic T cell line CTLL-2 (RRID:CVCL0227) 
was a kind gift by B. Schraven (Institute of Molecular and Clinical 
Immunoogy, Magdeburg, ATCC #TIB-214) CTLL-2 cells were grown in 
RPMI-1640 Medium supplemented with 10% FCS and 10 IU/ml IL-2 
(Peprotech, #200–02). All experiments were performed with 
mycoplasma-free cells and regularly tested with MycoAlert Mycoplasma 
Detection Kit (Lonza). 
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2.3. Cell viability assays 

To assess the effects of proteasome inhibition, primary human fi-
broblasts, Mewo and MeWoEto were analyzed in vitro using crystal violet 
assay as described before [33]. For combined treatment proteasome 
inhibitor BSc2189 was added 2 h prior addition of the potassium 
channel inhibitors. 

Viability of Ma-Mel-63a, Ma-Mel-63aPLX, Ma-Mel-66a, Ma-Mel- 
66aPLX, Ma-Mel-86c, and Ma-Mel-86cPLX was examined by MTT assay. In 
brief, 24 h after seeding cells were incubated with the depicted con-
centrations of BSc2189 and/or memantine or vemurafenib in quadru-
plicates. After 24, 48 or 72 h incubation cells were stained with the 
tetrazolium dye MTT [3-(4,5-dimethylthiazol-2-yl)− 2,5-diphenylte-
trazolium bromide] and incubated for 4 h followed by absorbance 
measurement at 570 nm. Calculation of the results of the crystal violet 
assay and MTT assay was performed as previously described [33]. 

2.4. Immunoblot analysis 

Total cell lysates of melanoma cells were separated by SDS-Page and 
transferred to nitrocellulose membranes. Membranes were probed 
overnight with primary antibodies anti-LMP7 (Abcam, #ab3329), anti- 
MB1 (#12919), anti-phospho-STAT-1 (#7649), anti-IκBα (#4814), anti- 
PARP-1 (#9542), anti-Bak (#3814), anti-Bax (#2772), anti-Bcl-XL 
(#2762), anti-Bcl-2 (#15071), anti-GAPDH (#5174, all Cell Signaling 
Technology), anti-Kv1.3 (#APC-101, Alomone Labs), anti-Noxa 
(#PRS2437) and anti-β-actin (#A1978, all Sigma-Aldrich). The immu-
noblots were visualized with horseradish peroxidase–conjugated sec-
ondary antibodies (Dianova) and enhanced by chemiluminescent 
substrate ECL (Cell Signaling Technologies, #6883). Band intensities 
were semi-quantified using ImageJ software and normalized to loading 
control. 

2.5. Cell cycle analysis 

For cell cycle analysis, cells were treated for 24 or 48 h with BSc2189 
(0–1 µmol/l). After incubation, melanoma cells were fixed in ice-cold 
PBS-80% ethanol and incubated at 0 ◦C for at least 12 h. After 
washing with PBS–0.5% BSA, cells were incubated in PBS supplemented 
with 50 μg/ml propidium iodide and 100 μg/ml DNase-free RNase A for 
20 min at room temperature. Cells were analyzed with a FACSCanto II 
flow cytometer (BD Biosciences) using FACSDiva, CellQuest-Pro (BD 
Biosciences), FlowJo (FlowJo LLC) and ModFit-LT (Verity Software 
House) software packages as described before [33]. 

2.6. Flow cytometry 

24 h after seeding inhibitors were added to the cells and incubated as 
indicated. Afterwards, cells were fixed and permeabilized with FOXP3 
intracellular staining Kit (Ebioscience, #00–5523–00) according to 
manufacturer’s instructions. Finally, cells were stained with anti- 
potassium channel Kv1.3-FITC antibody (Sigma-Aldrich, #P4247) and 
subsequently measured by MACSQuant flow cytometer (Miltenyi). To 
assess surface Kv1.3 channel expression cells were stained prior fixation 
and permeabilization. For NMDA-receptor staining cells were stained 
with primary anti-NMDA Receptor 2B antibody (Alomone Labs #AGC- 
003) for 20 min in the dark and subsequently stained with goat-anti- 
rabbit-Alexa 488 secondary antibody (Dianova #111–545–144) [28]. 

2.7. Statistical analysis 

Experiments were presented as means and Student’s t test (two- 
tailed) was used to compare differences between analyzed samples. Cell 
viability between fibroblasts and MeWo/MeWoEto was compared by 
ordinary one-way ANOVA, Tukeys multi comparisons Test (Fig. 1A), and 
between MeWo and MeWoEto as well as Ma-Mel-86c and Ma-Mel-86cPLX 
by two-way ANOVA (Fig. 1A and D). Intracellular potassium channel 
data was analyzed by ordinary one-way ANOVA, Tukeys multi 

Fig. 1. Relative viability of human melanoma cells after 48 h exposure to BSc2189. (A-D) MeWo cells, etoposide-resistant MeWo cells (MeWoEto) and primary human 
fibroblasts (A) as well as Ma-Mel-86c and BRAFi PLX-resistant Ma-Mel-86cPLX cells (D) were treated with 0–1 µmol/l BSc2189. Ma-Mel-63a, Ma-Mel-63aPLX (B) and 
Ma-Mel-66a (C) were treated with 0–0.5 µmol/l BSc2189. Graphs depict the relative viability as percentage of the untreated control group. (A) n = 4, crystal violet 
assay (B), (C) and (D) n = 3, MTT assay. Values are the means ± SD of triplicate determinations. Significant difference between fibroblasts and MeWo/MeWoEto at 
indicated concentrations (one-way ANOVA, Tukeys multi comparisons Test) and between MeWo, MeWoEto and Ma-Mel-86c, Ma-Mel-86cPLX (shown as bracket on the 
right side, two-way ANOVA) *P < 0.05 * * P < 0.01 * ** P < 0.001. 
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comparisons test (Fig. 6A and B). All statistical analysis was done by 
GraphPad Prism software version 7.01 and considered significant at * P 
< 0.05 * * P < 0.01 and * ** P < 0.001. 

The combination index (CI) was determined with CompuSyn1.0 
software using the Chou-Talalay method [34]. 

2.8. Data Availability 

Data will be made available on request. 

3. Theory 

One approach for treating highly proliferative cancers such as mel-
anoma is to disrupt cell homeostasis using inhibitors to ultimately drive 
tumor cells into apoptosis. Many successful strategies have already been 
introduced to cure cancer. However, therapy resistance and individual 
differences between patients reduce therapeutic success. Therefore, 
chemically improved inhibitors, as demonstrated in our study for pro-
teasome inhibition, as well as novel combinations with compounds such 
as memantine, already approved in the clinics, provide an opportunity 
to develop new strategies for triggering cancer cell death. The results 
obtained in our study analyzing BRAFi- and chemo-resistant human 
melanoma cells in comparison to their drug-sensitive counterparts may 
serve as a platform for further approaches to overcome potential re-
sistances and to interfere with tumor growth. 

4. Results 

4.1. Proteasome inhibition reduces viability of human melanoma cells 

To investigate the effect of proteasome inhibitor treatment on the 
viability of human melanoma cells, MeWo (BRAF-WT) and etoposide- 
resistant MeWoEto, as a model for chemo-resistant cells, and BRAF- 
mutant (BRAFV600E) Ma-Mel-63a, Ma-Mel-66a, Ma-Mel-86c as well as 
BRAFi PLX-4032-resistant Ma-Mel-63aPLX and Ma-Mel-86cPLX cells were 
exposed to increasing concentrations of proteasome inhibitor BSc2189 
[17,26,29]. Notably, Ma-Mel-66a cells display intrinsic resistance to 
BRAFi (Supplementary Fig. S1). After 48 h treatment with BSc2189 all 
melanoma cell lines showed a concentration-dependent reduction of cell 
viability (Fig. 1A – D; Supplementary Table S1), whereas viability of 
primary human fibroblasts could only be reduced in the presence of 

extremely high BSc2189 concentrations (0.5 µmol/l - 1 µmol/l 
BSc2189) (Fig. 1A). In contrast, exposure of fibroblasts to low concen-
tration (10 nmol/l) of the clinically approved proteasome inhibitor 
bortezomib revealed enhanced cytotoxicity compared to BSc2189 
(Supplementary Fig. S2A). Thus, cell viability is affected in 
drug-sensitive and -resistant BRAF-WT and BRAFV600E melanoma cells 
by the BSc2189 proteasome inhibitor using concentrations that are 
non-toxic to primary human cells. 

Since proteasome inhibitor BSc2189 targets both the β5- and β5i- 
subunits of the cellular proteasome pool, we next analyzed the expres-
sion level of the β5/MB1 standard proteasome and β5i/LMP7 immuno-
proteasome subunit in all melanoma cell lines. Under non-stimulated 
conditions the β5/MB1 standard proteasome and the β5i/LMP7 immu-
noproteasome subunits were expressed in the BRAFi-sensitive and 
-resistant BRAFV600E melanoma cells, whereas the latter was below 
detection limit in MeWo and MeWoEto cells (Fig. 2A - D). To resemble the 
pro-inflammatory environment of in vivo melanoma, we stimulated the 
cells with IFN-γ. Exposure of the melanoma cells to IFN-γ resulted in 
enhanced β5i/LMP7 expression except in etoposide-resistant MeWoEto 
cells which turned out to be deficient for the β5i/LMP7 immunopro-
teasome subunit (Fig. 2A). This could be confirmed on mRNA level 
(Supplementary Fig. S2B). Since phosphorylation of the transcription 
factor STAT-1 in MeWoEto cells was not altered upon IFN-γ treatment 
compared to MeWo cells (Supplementary Fig. S2C), we conclude that 
the absence of β5i/LMP7 in MeWoEto is not caused by a defect in IFN-γ 
signaling. 

4.2. BSc2189 differentially affects cell cycle progression and apoptosis in 
chemo-sensitive and -resistant melanoma cells 

Proteasome inhibition interferes with cell cycle progression, induc-
tion of apoptosis and activation of NFκB-signaling by blocking the 
degradation of cyclins, pro- and/or anti-apoptotic proteins and by sta-
bilizing the NFκB-inhibitor IκBα. To explain the differential response of 
the drug-resistant and sensitive melanoma cells to treatment with pro-
teasome inhibitor (Fig. 1), we investigated the effect of BSc2189 on cell 
cycle progression in MeWo and MeWoEto cells. Detailed analysis 
revealed a concentration-dependent G2-M arrest in both cell lines after 
24 h and 48 h exposure to BSc2189. However, as observed in the ex-
periments published before, chemo-resistant melanoma cells were 
considerably more resistant to proteasome inhibition than MeWo cells 

Fig. 2. Expression of immunoproteasome-subunits in drug-sensitive and drug-resistant human melanoma cells. (A–D) Induction of immunoproteasome subunit β5i/ 
LMP7 and expression of standard proteasome subunit β5/MB1 upon addition of 200 U/ml IFN-γ in melanoma cells. Protein expression was analyzed 24 h and 48 h 
after IFN-γ treatment, β-actin served as loading control. Enhanced β5i/LMP7 expression in all cell lines except in MeWoEto. Compensatory down-regulation of β5/ 
MB1, in Ma-Mel-66a and Ma-Mel-63aPLX cells. 
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[33]. A subG1-peak indicating accumulation of apoptotic cells could be 
observed after 48 h proteasome inhibition which was more prominent in 
MeWo than in MeWoEto cells (Fig. 3A). These data were consistent with 
our findings of diminished induction of apoptosis in MeWoEto cells 
compared to MeWo cells. Since apoptosis is accomplished by cleavage of 
several key enzymes such as Poly(ADP-Ribose)-Polymerase 1 (PARP-1) 
which is crucial for DNA-repair, we determined PARP-1 cleavage due to 
increasing BSc2189 concentrations in MeWo and MeWoEto cells 
(Fig. 3B). Although both cell lines displayed an apoptotic phenotype, 
higher BSc2189 concentrations and/or longer incubation periods with 
BSc2189 were required to induce PARP-1 cleavage in MeWoEto cells. In 
contrast, TNF-induced IκBα degradation could be stabilized by protea-
some inhibition in both MeWo and MeWoEto cells to the same extent 
(Supplementary Fig. S2D). Thus, drug-resistant melanoma cells are less 
affected by proteasome inhibitor treatment than chemo-sensitive mel-
anoma cells displaying impaired induction of apoptosis and representing 
PARP-1 cleavage apparently at higher inhibitor concentrations. 

4.3. Synergistic effects of proteasome and potassium channel inhibition on 
melanoma cell viability and apoptosis 

Recent advances highlight potassium channels as a target in cancer 
therapy including melanoma [22]. In this context, direct inhibition of 
potassium channel Kv1.3, highly expressed in the mitochondria 
(mitoKv1.3) of various tumor cells, has been shown to play a funda-
mental, functional role in the induction of apoptosis in cancer cells [25]. 

To take advantage of a drug already approved in humans we chose 
memantine which blocks N-methyl-D-aspartate type glutamate re-
ceptors (NMDARs) on neurons [35] and inhibits Kv1.3 potassium 
channels in T lymphocytes as well as in acute lymphoid and myeloid 
leukemia cells as shown by electrophysical patch clamp analysis before 
[28,36,37]. To exclude possible side effects, we determined NMDAR 
expression on melanoma cells. Flow cytometry-based analysis revealed 
no NMDAR expression on the drug-sensitive melanoma cells studied 
here (Supplementary Fig. S3A). In order to determine the outcome of 
proteasome and/or Kv1.3 inhibition on the viability of melanoma cells, 
we treated MeWo, MeWoEto, Ma-Mel-63a and Ma-Mel-63aPLX cells 
(Fig. 4) as well as Ma-Mel-66a, Ma-Mel-86c and Ma-Mel-86cPLX cells 
(Fig. 5) with low (50 nmol/l) or high (500 nmol/l) BSc2189 concen-
trations or with different memantine concentrations. 

As demonstrated in Fig. 1, viability of Ma-Mel-63a cells was already 
considerably impaired when exposed to low BSc2189 concentration, 
whereas higher BSc2189 concentrations were needed to significantly 
reduce the viability of the other melanoma cell lines (Figs. 4 and 5). 
Administration of memantine alone had neglectable effect on melanoma 
cell survival, except for Ma-Mel-66a where the viability was reduced by 
fifty percent when exposed to 100–200 µmol/l memantine. In contrast, 
co-incubation of the melanoma cells with BSc2189 and memantine 
resulted in significant impairment of cell viability (Figs. 4 and 5). This 
observation was supported by calculation of the combination index 
which revealed a synergistic effect of BSc2189 and memantine in all 
melanoma cell lines (Table 1). 

To determine the induction of apoptosis in the presence of the in-
hibitors we analyzed PARP-1 cleavage in the different melanoma cell 
lines. After a short incubation period (24 h) with the combination of 
both inhibitors PARP-1 cleavage was clearly visible in MeWo cells, 
whereas long incubation (48 h) with the inhibitor combination led to 
pronounced PARP-1 cleavage even in chemo-resistant MeWoEto cells 
(Fig. 4B). Analysis of the BRAFV600E melanoma cell lines Ma-Mel-63a, 
Ma-Mel-66a and Ma-Mel-86c and their BRAFi-resistant counterparts 
(Figs. 4D, 5B and D) displayed similar results with enhanced apoptosis 
due to addition of both inhibitors. Collectively, these results demon-
strate that combined proteasome and Kv1.3 potassium channel inhibi-
tion synergistically aggravates reduction of viability of both sensitive 
and drug-resistant melanoma cells. 

Since memantine also inhibits KCa3.1 channels in T cells [28], we 
intended to clarify its mode of action on melanoma cells. Therefore, we 
incubated sensitive and resistant melanoma cells with low concentra-
tions of BSc2189, the known membrane-permeant Kv1.3 inhibitor 
PAP-1 [24] and the KCa3.1 channel specific inhibitor TRAM-34 [38] 
either alone or in combination (Supplementary Fig. S3B). In parallel, we 
confirmed the expression of both Kv1.3 and KCa3.1 channels in Ma-Mel- 
and MeWo- cell lines as well as in their drug-resistant counterparts 
(Supplementary Fig. S3C). As observed before (Fig. 4A), combined 
proteasome and Kv1.3 inhibition significantly reduced viability of 
MeWo/MeWoEto cells, albeit to a lesser extend in MeWoEto cells. Addi-
tionally, combining BSc2189 with the KCa3.1 inhibitor TRAM-34 
(10 µM) had no effect on cell viability suggesting that KCa3.1 chan-
nels cannot be significantly inhibited in melanoma cells (Supplementary 
Fig. S3B). Moreover, analyzing Kv1.3 deficient murine CTLL-2 cells 

Fig. 3. The BSc2189-induced G2-M arrest is maintained in drug-resistant melanoma cells. (A) Proliferating MeWo and MeWoEto cells were treated with BSc2189 at 
concentrations ranging from 0 to 1 µmol/l. At 24 h and 48 h post treatment, cell cycle distribution was analyzed by propidium iodide staining and flow cytometry. 
Shown are DNA histograms where cell number (y-axis) is plotted against DNA content (x-axis). Numbers next to each histogram represent percentages of cells in 
apoptosis (subG1-population), in G1 phase, S phase, and G2-M phase of the cell cycle, respectively. Z-axis, concentrations of BSc2189, n = 2. (B) MeWo and MeWoEto 
cells were analyzed by immunoblot for cleavage of apoptotic marker PARP-1 upon 24 h and 48 h treatment with BSc2189, GAPDH served as loading control. n = 3. +

signal loss due to long exposure with high inhibitor concentrations. 
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Fig. 4. Combined treatment of MeWo, MeWoEto, Ma-Mel-63a and Ma-Mel-63aPLX cells with BSc2189 (BSc) and memantine (Mem) enhances induction of apoptosis. 
(A-D) All cell types were treated with the depicted combinations of the inhibitors BSc2189 and memantine. MeWo and MeWoEto cells were analyzed for cell viability 
after 72 h (A), relative viability was displayed as percentage of the untreated control group, n = 4; bars, SD, values are the means ± SD of quadruplicate de-
terminations. MeWo and MeWoEto cells were analyzed for activation of apoptotic marker PARP-1 (B), n = 3, + signal loss due to long exposure with high inhibitor 
concentrations. GAPDH served as loading control. Ma-Mel-63a and Ma-Mel-63aPLX cells were analyzed for cell viability after 48 h (C), n = 3; bars, SD. Values are the 
means ± SD of quadruplicate determinations. Ma-Mel-63a and Ma-Mel-63aPLX cells were analyzed for activation of apoptotic marker PARP-1 (D), n = 2. GAPDH 
served as loading control. Significant differences between indicated concentrations * P < 0.05 * * P < 0.01 * ** P < 0.001 (Student́s t test). 

Fig. 5. Validation of the combinatory effect of BSc2189 (BSc) and memantine (Mem) in Ma-Mel-66a, Ma-Mel-86c and Ma-Mel-86cPLX cells. (A) and (C) Exposure of 
Ma-Mel-66a, Ma-Mel-86c and Ma-Mel-86cPLX cells to the depicted combinations of the inhibitors BSc2189 and memantine. Cells were analyzed for cell viability after 
24 (Ma-Mel-66a) and 48 h, n = 3, bars, SD. Values are the means ± SD of quadruplicate determinations * P < 0.05 * * P < 0.01 (Student́s t test). (B) and (D) Ma-Mel- 
66a, Ma-Mel-86c and Ma-Mel-86cPLX cells were analyzed for activation of apoptotic marker PARP-1, n = 2. β-actin and GAPDH served as loading control. 
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showed no synergistic effect of BSc2189 and memantine which un-
derlines the mechanistic link between proteasome inhibition and Kv1.3 
channel blockers (Supplementary Fig. S3D and E). 

4.4. Combination of BSc2189 and memantine increases intracellular 
mitoKv1.3 potassium channels and fosters accumulation of pro-apoptotic 
proteins and ROS 

Mitochondrial Kv1.3 channels are crucially involved in the induction 
of the intrinsic apoptosis pathway [24,39]. In agreement with previously 
published data we observed intracellular expression of Kv1.3 potassium 

channels within all melanoma cell lines but not at the cell surface 
(Supplementary Fig. S4A, 25). Therefore, we next analyzed the impact 
of both inhibitors on the potassium channel expression in the different 
drug-resistant and -sensitive melanoma cell lines. Upon treatment with 
BSc2189 and memantine alone no significant changes in intracellular 
potassium channel expression were observed in all melanoma cell lines 
tested (Fig. 6A and B, Supplementary Fig. S4B and C). Only the com-
bination of both inhibitors induced a significant increase of Kv1.3 po-
tassium channels in MeWo, MeWoEto, Ma-Mel-66a, Ma-Mel-86c and 
Ma-Mel-86cPLX cells and a tendency of an increase in Ma-Mel-63a and 
Ma-Mel-63aPLX cells indicating that under these conditions sensitivity of 
melanoma cells to apoptosis should be enhanced. 

Since mitochondria-related pathways play an important role in 
triggering intrinsic apoptosis by stabilizing pro-apoptotic proteins like 
Noxa, Bak and Bax and degrading anti-apoptotic proteins such as Bcl-2 
and Bcl-XL, we analyzed the expression level of these proteins in the 
presence of BSc2189 and memantine in MeWo cells. Co-incubation of 
MeWo cells with BSc2189 and memantine resulted in the strongest 
accumulation of the pro-apoptotic proteins Noxa and Bak (Fig. 6C-E), 
whereas expression of the anti-apoptotic proteins Bcl-2 and Bcl-XL was 
reduced (Fig. 6C and F-G). In contrast, expression analysis of the pro- 
apoptotic protein Bax revealed no differences upon BSc2189 and 
memantine treatment (Supplementary Fig. S4D) suggesting that Bax has 
only an indirect effect on mitoKv1.3 channel-induced apoptosis by its 
interaction with Bak as proposed before [40,41]. 

Oxidative stress has been associated with the development of mela-
noma and its progression to chemoresistance [42]. On the other hand, 
intracellular accumulation of reactive oxygen species (ROS) triggers 
ROS-mediated cell death and is known to be induced by exposure of 
tumor cells to proteasome or Kv1.3 inhibitor [25,43]. In our analyses, 
combined BSc2189 and memantine treatment of MeWo and MeWoEto 
cells induced significant ROS formation which was higher than by each 

Table 1 
Combination index (CI) was determined with CompuSyn1.0 software according 
to the Chou-Talalay method [34].   

combination index (CI) 

MeWo*  0.05 
MeWoEto*  0.02 
Ma-Mel-63a**  0.41 
Ma-Mel-63a PLX**  0.36 
Ma-Mel-66a*  0.81 
Ma-Mel-86c***  0.60 
Ma-Mel-86c PLX***  0.87  

The depicted combinations of BSc2189 and memantine were shown to be 
synergistic for all investigated melanoma cell lines (CI > 1 antagonistic, CI = 1 
additive, CI < 1 synergistic). 
For Ma-Mel-63a, Ma-Mel-63aPLX, Ma-Mel-86c, and Ma-Mel-86cPLX after 48 h 
treatment, Ma-Mel-66a after 24 h and MeWo as well as MeWoEto cells after 72 h 
treatment CI was calculated for the combination of 50 nM or 100 nM BSc2189 
and 100 µM or 200 µM memantine. 

* 50 nM BSc2189 and 200 μM memantine 
** 50 nM BSc2189 and 100 µM memantine 
*** 100 nM BSc2189 and 100 µM memantine 

Fig. 6. Combined treatment of melanoma cells with BSc2189 (BSc) and memantine (Mem) leads to an increase of intracellular potassium channels, pro-apoptotic 
proteins and degradation of anti-apoptotic proteins. (A) and (B) MeWo, MeWoEto cells were treated with the depicted combinations of the inhibitors BSc2189 and 
memantine for 48 h (A), Ma-Mel-86c and Ma-Mel-86cPLX cells were treated for 12 h (B). All cell types were analyzed for expression of intracellular potassium 
channels by flow cytometry shown as fold induction of the MFI compared to the untreated control group; (A) n = 4, (B) n = 3, bars, SD. Significant difference 
between untreated control and MeWo/MeWoEto and Ma-Mel-86c/Ma-Mel-86cPLX at indicated concentrations * * P < 0.01 * ** P < 0.001 (Student́s t test). (C) MeWo 
cells were treated with depicted inhibitor concentrations followed by expression analysis of the pro-apoptotic proteins Noxa and Bak and anti-apoptotic proteins Bcl- 
XL and Bcl-2 after 48 h. (D-G) Densitometric analysis of three independent experiments for Bak (D), Noxa (E), Bcl-2 (F) and Bcl-XL (G) 48 h following inhibitor 
treatment, band intensities were normalized to their respective GAPDH loading control and changes were calculated in relation to untreated control. bars, SD. 
Significant differences at indicated concentrations compared to untreated control * P < 0.05 * * P < 0.01 (Student́s t test). 
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inhibitor alone. However, this finding could not be confirmed in 
Ma-Mel-86c and Ma-Mel-86cPLX cells indicating that the underlying 
mechanism(s) is (are) cell-specific (Supplementary Fig. S5). 

In sum, these results demonstrate that the combination of protea-
some and Kv1.3 potassium channel inhibition enhances apoptosis of 
chemo-resistant, BRAFi-resistant and corresponding drug-sensitive 
melanoma cells which can be explained by an increase of mitoKv1.3 
channels and pro-apoptotic proteins Bak and Noxa as well as by the 
reduced levels of anti-apoptotic proteins Bcl-2 and Bcl-XL. 

5. Discussion 

Melanoma progression is associated with a high degree of plasticity 
based on cell growth-promoting mutations. Activating MAPK-mutations 
most frequently affect the BRAF gene accounting for 33–47% of primary 
and 41–55% of metastatic melanoma [44]. Clinical application of BRAF 
inhibitors combined with MEK inhibitors significantly increases survival 
of patients [45]. However, prolonged inhibitor treatment has been 
associated with the development of secondary resistances such as 
amplification of BRAF in 20% of melanomas after treatment with BRAFi, 
or alternative splicing of BRAF which is present in 32% of melanomas 
resulting in tumor progression [46,47]. This indicates that acquired 
resistance poses a major challenge for melanoma therapy and still re-
quires new therapeutic strategies [48]. Our present study demonstrates 
enhanced efficacy of combined treatment of BRAF-WT and BRAF mutant 
human melanoma cells both drug-sensitive and drug-resistant with two 
inhibitors targeting different pathways to trigger apoptosis. Our results 
show that simultaneous exposure of melanoma cells to proteasome and 
Kv1.3 inhibitor causes an increase of intracellular Kv1.3 channels. 
Enhanced potassium channel levels have been detected before due to 
pharmacological Kv1.3 inhibition in neural cells [49], stabilization of 
Kv1.5 channels by proteasome inhibition [50] and in non-small-cell lung 
cancer (NSCLC) contributing to tumor progression as well as in many 
other types of cancer [23,51]. Kv1.3 channels are expressed at the 
plasma membrane. Recently published data suggest that Kv1.3 channels 
are partially processed in the cytosol indicating a possible role of the 
proteasome in this process [52]. However, in cancer cells high expres-
sion of Kv1.3 channels has been identified at the inner mitochondrial 
membrane which offers a promising target for successful pharmaco-
logical intervention [25]. In this regard, mitochondrial potassium 
channel expression directly correlates with the sensitivity of tumor cells 
to drug-induced cell death [39], and inhibition of mitochondrial Kv1.3 
channels leads to hyperpolarization of the mitochondrial membrane 
with enhanced ROS-production and apoptosis even in the absence of 
pro-apoptotic proteins Bax and Bak [24,25]. 

Induction of apoptosis can be mediated by binding of pro-apoptotic 
proteins to mitochondrial Kv1.3 channels in cancer cells and it could 
be shown that Bax oligomers directly insert into the channel pores [23, 
40]. Notably, in our experiments combined treatment of melanoma cells 
with proteasome and Kv1.3 inhibitor induced the expression of the 
pro-apoptotic Bak but not of Bax protein. This is consistent with earlier 
findings where only Bak was upregulated upon exposure of melanoma 
cells to bortezomib [53]. Functional studies suggested overlapping roles 
of Bak and Bax in the regulation of apoptosis [54], since Bak is able to 
oligomerize in the absence of Bax as well [55]. Interaction between Bak 
and Kv1.3 channels could mediate stabilization of each other, therefore 
contributing to increased induction of apoptosis. 

We observed that proteasome inhibition as single treatment and in 
combination with potassium channel inhibitors caused an accumulation 
of the proteasomal substrate Noxa and destabilization of the anti- 
apoptotic proteins Bcl-XL and Bcl-2 in drug-sensitive BRAF-WT mela-
noma cells (Fig. 6C-G). This is in agreement with previously published 
data obtained in melanoma and multiple myeloma cells but not in me-
lanocytes, indicating a Noxa-mediated apoptotic response exclusively in 
tumor cells [53,56]. 

6. Conclusions 

We conclude that simultaneous activation of different pathways to 
induce apoptosis can inhibit growth of drug-resistant and -sensitive 
human melanoma cells both BRAF-WT and BRAF-mutant, thus poten-
tiating the expression of pro-apoptotic proteins as well as mitochondrial 
Kv1.3 channels. 

We suggest the combined proteasome and potassium channel inhi-
bition as a novel approach for the treatment of patients especially with 
primary and acquired resistance to BRAF inhibitors and in patients who 
are unresponsive or intolerant to immune checkpoint inhibitors due to 
immune-related side effects. In addition, the synergistic outcome of the 
combined proteasome and potassium channel inhibition allows a 
reduction in the inhibitor concentrations used, attenuating possible 
adverse side effects due to high drug concentrations. 

Based on the observation that NSCLC expressing the BRAFV600E 

mutation are sensitive to BRAF inhibition and that potassium channel 
blocker display antitumor activity in alveolar epithelial cells combined 
proteasome and Kv3.1 inhibition could be also considered for targeted 
therapy of e.g. NSCLC [51,57]. 
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