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Abstract

Background/Aims: Glioblastoma (GBM) is one of the most aggressive cancers, counting for
a high number of the newly diagnosed patients with central nervous system (CNS) cancers
in the United States and Europe. Major features of GBM include aggressive and invasive
growth as well as a high resistance to treatment. Kv1.3, a potassium channel of the shaker
family, is expressed in the inner mitochondrial membrane of many cancer cells. Inhibition of
mitochondrial Kv1.3 was shown to induce apoptosis in several tumor cells at doses that were
not lethal for normal cells. Methods: We investigated the expression of Kv1.3 in different glioma
cell lines by immunocytochemistry, western blotting and electron microscopy and analyzed
the effect of newly synthesized, mitochondria-targeted, Kv1.3 inhibitors on the induction of
cell death in these cells. Finally, we performed in vivo studies on glioma bearing mice. Results:
Here, we report that Kv1.3 is expressed in mitochondria of human and murine GL261, A172
and LN308 glioma cells. Treatment with the novel Kv1.3 inhibitors PAPTP or PCARBTP as well
as with clofazimine induced massive cell death in glioma cells, while Psora-4 and PAP-1 were
almost without effect. However, in vivo experiments revealed that the drugs had no effect on
orthotopic brain tumors in vivo. Conclusion: These data serve as proof of principle that Kv1.3
inhibitors kills GBM cells, but drugs that act in vivo against glioblastoma must be developed

to translate these findings in vivo.
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Introduction

Glioblastoma (GBM) is one of the most aggressive cancers and is the most common
malignant brain tumor in adults, counting for nearly half of the 23,000 patients diagnosed
with CNS cancers every year in the United States [1]. The current standard of care for GBM,
established in 2005, includes, after maximal surgical rejection, temozolomide (TMZ)-based
chemotherapy in combination with radiation therapy [2]. However, median patient survival
does not exceed 15 months after diagnosis, due to recurrence and lack of treatments [3].
Recently, the US Food and Drug Administration (FDA) approved bevacizumab as a new drug
for the treatment of glioblastoma, but whether the drug really improves patient survival
remains to be determined [4]. A major problem in the treatment of GBM is the high resistance
of these tumor cells to chemotherapy and irradiation and, therefore, novel treatment options
must be developed.

The Kv1.3 channel, belonging to the potassium (K*) channels shaker family, has been
demonstrated to be expressed in several cancer cell lines [5-7]. In addition to the plasma
membrane, Kv1.3 was identified in the inner mitochondrial membrane (IMM), where it was
shown to play a critical role in the induction of apoptosis [8]. It has been demonstrated that
mitochondrial Kv1.3 (mitoKv1.3) interaction with the pro-apoptotic protein Bax or toxins,
able to block the channel, is sufficient to induce cytochrome c release and outer membrane
permeabilization in mitoKv1.3-positive isolated mitochondria, whereas mitoKv1.3-deficient
mitochondria were resistant to the same stimuli [9]. Mechanistically, a functional interaction
between Bax and the channel protein was found [9], which was determined by a positively
charged conserved lysine at position 128 of Bax protruding into the intermembrane space
facing the IMM after Bax insertion into the outer mitochondrial membrane [10]. Mutation of
this amino acid abrogated the apoptotic effects of Bax in both isolated mitochondria and in
intact cells expressing the mutated protein [9, 11]. Since then, specific membrane permeant
inhibitors, including the Ruta graveolens plant derived psoralens Psora-4, and PAP-1, the
anti-mycobacterial drug clofazimine and novel mitochondrial targeted PAP-1 derivatives,
namely PAPTP and PCARBTP, synthesized by our group, were used to mimic the interactions
of Bax and mitoKv1.3 in different cancer cell lines that express Kv1.3 [12, 13]. These Kv1.3
inhibitors were shown to induce the intrinsic apoptotic pathway in multiple human and
murine mitoKv1.3-expressing cells including Jurkat T lymphoma, osteosarcoma SAOS-2,
B16F10 melanoma cells as well as human pancreas cancer cells and B-lymphocyte chronic
leukemia cells, whereas cells displaying a low or no Kv1.3 current, such as K562, or human
primary skin fibroblasts did not undergo apoptosis when treated with these inhibitors [13,
14]. Importantly, clofazimine and the recently developed mitochondria-targeted inhibitors
of Kv1.3 PAPTP and PCARBTP showed more than 90% tumor reduction in an in vivo B16F10
mouse melanomamodel [13, 14] without causing obvious side-effects. Kv1.3 channel blockers
were further used ex vivo in primary B cells from chronic lymphocytic leukemia (B-CLL)
patients [12, 13]. Characterized by a higher level of functional Kv1.3 channel compared
to non-malignant B and T cells of the same patient or of healthy subjects, patients’ B-CLL
cells underwent cell death after inhibition of Kv1.3, whereas non-malignant lymphocytes,
expressing less Kv1.3, were spared [12, 13].

In the present work, we investigated Kv1.3 expression in a murine (GL261) and two
human (A172, LN308) glioma cell lines, and applied a panel of Kv1.3 inhibitors to define their
sensitivity to these compounds. We found that, in comparison to PAP-1 and Psora-4, which
caused a maximum of 30% cell death, clofazimine and the newly designed, mitochondria-
targeted drugs, i.e. PAPTP and PCARBTP, triggered massive death of glioma cells in vitro.
Mechanistically, we demonstrated that inhibition of Kv1.3 results in a release of cytochrome
¢ from mitochondria. However, in vivo experiments failed to show an effect of the drugs on
orthotopic glioma.
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Materials and Methods

Cells and drugs

GL261, A172 and LN308 cells were previously described [15-17]. All three cell lines were grown in
Dulbecco’s modified eagle medium (DMEM, Gibco/Invitrogen, Darmstadt, Germany) supplemented with
10% fetal calf serum (FCS), 10 mM HEPES, 2 mM L-glutamine, 0.1 U/ml penicillin, 0.1 pg/ml streptomycin,
non-essential amino acids, 1 mM sodium-pyruvate at 37°C with 10% CO,. PAP-1, Psora-4 and clofazimine
were from Sigma Aldrich, PAPTP and PCARBTP were synthesized by us as previously described [13]. All
drugs were dissolved in dimethyl sulfoxide (DMSO) and diluted in DMEM. The final concentration of DMSO
was < 0.5% in all assays.

Trypan blue assay

To assess cell viability, 0.05 x 10° cells were seeded in a 12 well plate and allowed to grow in DMEM
for 24 hrs. After treatment, cells were trypsinized, collected, resuspended in PBS and added to 0.4% Trypan
blue solution (Sigma Aldrich). Viable and non-viable cells were counted by light microscopy.

Western blot

Samples were dissolved in 5x sample buffer (250 mM Tris, pH 6.8, 20% glycine, 4% SDS, 8%
-mercaptoethanol, 0.2% bromophenol blue) and 40 pgloaded ona 10% or 12% SDS-PAGE, then transferred
to either a nitrocellulose or polyvinyl difluoride (PVDF) membrane (Pall Corporation, Pensacola, FLA, USA).
We used the following primary antibodies: anti-Kv1.3 (1:200, Alomone Labs APC-101 or 1:1,000 Pineda);
anti-Tom20 (1:1,000, BD Pharmingen, San Diego, USA); anti-Tim23 (1:500, BD Pharmingen, San Diego,
USA); anti-tubulin alpha (1:1,000, Epitomics, CA, USA); anti-cytochrome c (1:2,000, BD Pharmingen, San
Diego, USA); anti-GADPH (1:500, EMD Millipore, USA). Secondary anti-rabbit or anti-mouse antibodies were
horseradish peroxidase- or alkaline phosphatase-conjugated (Santa Cruz Biotechnology, CA, USA) and used
with chemiluminescence detection (Thermo Fisher Scientific Inc. or Perkin Elmer, Waltham, MA, USA) to
develop the blots.

Cytometry

To asses Kv1.3 expression by flow cytometry, cells were collected and re-suspended with 1 pg FITC-
anti-Kv1.3 (Sigma, Deisenhofen, Germany) in DMEM w/o phenol red and w/o FCS for 1 h at 4°C. To detect
cell death via apoptosis, cells were treated or left untreated in a 12 well plate for 24 hrs. After treatment,
cells were trypsinized, collected, washed once with Annexin V binding buffer (10 mM HEPES pH 7.4, 140
mM NaCl, 5 mM CaCl,), pellets were resuspended in the same buffer containing Annexin V-Fluos (1:100,
Roche, Mannheim, Germany) and incubated for 15 min at RT in the dark. In both cases, samples were
analyzed using a FACSCalibur flow cytometer (BD Biosciences) (A= 488 nm). Data were processed with a BD
CellQuest Pro software.

Cell membrane fraction enrichment

To detect channels in membrane enriched fractions we used the protocol reported previously [7].
Briefly, cells were seeded in a 100 mm tissue culture dish for 24 hrs. Cells were then washed once in 0.9 %
NacCl, collected in ice-cold lysis buffer (5 mM Tris/HCl pH 7.4, 0.25 % Triton X-100, 1 mM EDTA, 1 mM DTT,
0.2 M NaCl, protease inhibitors), vortexed, 15 pl of 4 M NaCl were added, samples were vortexed again and
broken cells were collected at 20,000 x g for 10 min at 4°C. The pellet was re-suspended in ice-cold lysis
buffer, loaded on a 10% SDS-PAGE and blotted on a PDVF membrane with the indicated antibodies.

Mitochondria isolation

Mitochondria from glioma cells were purified by differential centrifugation as described previously
[18]. Briefly, approximately 2 x 10° cells were washed twice in PBS and gently scraped off the culture plate.
After washing twice in PBS, the pellet was re-suspended in TES buffer (30 mM sucrose, 10 mM TES pH
7.4, 1 mM EGTA pH 7.4) and dounce homogenized. The lysate was centrifuged at 600 x g for 10 min at 4°C.
The pellet was processed again as above to maximize the recovery. The two supernatants were combined
and centrifuged at 800 x g for 10 min at 4°C to remove unbroken cells. The supernatant was centrifuged at
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8,000 x g for 10 min at 4°C to pellet mitochondria, which were re-suspended in a small volume of TES buffer.
Mitochondria were further purified in a discontinuous Percoll gradient (60, 30 and 18 % Percoll in TES
buffer) by centrifugation at 8,500 x g for 10 min at 4°C. The fraction at the lower interface was collected and
washed three times in TES buffer at 20,000 x g for 10 min at 4°C. The final pellet was re-suspended in TES
buffer, loaded on a 10% SDS-PAGE and blotted on a nitrocellulose membrane with the indicated antibodies.

Cytochrome c release assay

To detect the release of cytochrome ¢, GL261 cells were treated or left untreated for 16 hrs, then
washed once with PBS and scraped in TES buffer (see above). After 30 min incubation on ice, cells were
dounce homogenized and the lysate was centrifuged at 19,000 x g for 10 min at 4°C. The supernatants were
collected and used to detect the released cytochrome c, while the pellets were re-suspended in TES buffer
and used to detect mitochondrial cytochrome c. Proteins were loaded on a 15 % SDS-PAGE, blotted on a
PVDF membrane and developed with the indicated antibodies.

Intracellular staining

For intracellular staining, cells were seeded on a 12 mm round coverslip in a standard 24 well plate
in normal medium for 24 hrs. Cells were then washed twice in PBS and fixed with 2% PFA/PBS for 15 min
at RT. After permeabilization with 0.1 % Triton X-100 for 10 min, cells were washed and blocked with 5%
FCS for 10 min and washed again. Samples were stained with affinity purified anti-Kv1.3 (1:100, affinity-
purified Kv1.3 antibodies) and anti-Tim23 antibodies for 45 min. Cells were washed and further incubated
with secondary antibodies coupled to fluorescent dyes, i.e. Cy3-anti mouse IgG or Dylight649-anti rabbit IgG
(Jackson Immunoresearch, PA, USA), for 45 min at RT. Samples were washed again, embedded in Mowiol
and analyzed by confocal microscopy.

Immunogold electron microscopy

Cells were seeded on a dish for 24 hrs, washed and fixed in 2% PFA and 0.1% glutaraldehyde in 0.1 M
cacodylate buffer for 1 h at RT. Cells were then washed in cacodylate buffer, gently scraped off the plate and
collected. Samples were processed by the Imaging Center Essen (IMCES). Briefly, samples were dehydrated
with increasing ethanol concentrations and infiltrated with a mixture of LR-Gold and ethanol with increasing
LR-gold concentration at -20°C. Samples were then irradiated with UV light and polymerized for 56 hrs at
-20°C. Samples were cut in ultrathin sections and washed. After blocking with 0.1% BSA in PBS for 30 min,
samples were incubated with anti-Kv1.3 antibodies (Alamone) in 1% BSA in TBS for 24 hrs at 4°C. Cells
were washed again and incubated with 10 nm-gold particle-coupled anti-rabbit antibodies (Aurion) in 1%
BSA in TBS for 3 h at RT. Finally, samples were washed again and stained with 1% uranyl-acetate for 10 min.
Samples were washed again and analyzed with a Zeiss transmission electron microscope (EM902A) at 80
kV.

In vivo studies

To perform glioma injections, GL261 cells were trypsinized from a sub-confluent flask and collected.
After washing twice in HEPES/Saline (20 mM HEPES pH 7.4, 132 mM NacCl, 1 mM CacCl,, 0.7 mM MgCl,, 0.8
mM MgS0,, 5.4 mM KCl), 2 x 10* cells were injected in the striatum of a mouse brain with an microliter
syringe attached to a stereotactic device and an automatic injection system [19]. The mice were narcotized
with fentanyl, midazolam and medetomidin, stereotactically fixed and a hole was drilled in the skull 2 mm
lateral and 1 mm posterior to the bregma. The tumor cells were injected using an automatic microliter
syringe attached to the stereotactic device. After completion of the surgical procedure mice were injected
with antidote and allowed to recover. Glioma symptoms were monitored daily.

For survival analysis, treatments with clofazimine, PAPTP or PCARBTP were performed at days 5, 7, 9
and 11 post tumor injection by i.p. injection of the drug in 0.9% NaCl. All experiments were approved by the
Animal Care and Use Committee of the Bezirksregierung Duesseldorf, Germany.

Statistics

Statistical analysis was performed by using analysis of variance (ANOVA) and a post hoc Bonferroni's
multiple comparison test. Shown are mean * SD.
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Results

Kv1.3 is expressed in the plama membrane and mitochondria of different glioma cell lines

To test whether glioma cells express Kv1.3 in their plasma membrane, murine GL261
and human A172 and LN308 glioma cells were surface-stained with a FITC-labeled anti-
Kv1.3 antibody. The signal obtained with glioma cells was compared to that of Jurkat cells,
which are known to express Kv1.3 [8, 20]. K562, which do not express Kv1.3 [6, 21], were
used as negative control. All three glioma cell lines expressed Kv1.3 (Fig. 1A). The signal was
however lower than that of Jurkat cells, suggesting that the glioma cells express less surface
Kv1.3. The presence of Kv1.3 in glioma cells was further demonstrated by Western blot on
enriched membrane fractions (Fig. 1B) determining the total cellular expression of Kv1.3,
which is comparable to that in Jurkat cells.

Since our previous data showed that cell death in other cell lines is mediated by
mitoKv1.3 [6, 14, 22], we analyzed Kv1.3 expression in mitochondria of glioma cells.
Western blot studies on isolated mitochondria from GL261 cells revealed Kv1.3 in the
purified mitochondrial fraction (M) (Fig. 2A). The Western blot also shows that there is
an increase in the intensity of the mitochondria marker Tim23 with increasing grade of
purification, while the intensity of the tubulin band decreases and is completely missing in
the mitochondrial fraction, indicating that the protocol yielded highly purified mitochondria.
The mitochondrial localization of Kv1.3 was confirmed by confocal microscopy revealing
a partial co-localization of Kv1.3 with mitochondria, labeled with anti-Tim23, in all three
glioma cell lines (Fig. 2B). Location of Kv1.3 in mitochondria of GL261 was further shown
by immunogold transmission electron microscopy (Fig. 2C). Kv1.3 was visualized with gold-
coupled anti-Kv1.3 antibodies that appear in the electron microscopy studies as sharp black
particles. The electron microscopy studies indicate expression of Kv1.3 in mitochondria (M),
the endoplasmatic reticulum, the nuclear and the plasma membrane. Control studies using
isotype-control immunoglobulins confirm the specificity of the stainings.

Taken together, these results show that Kv1.3 is expressed in the plasma membrane and
in mitochondria of glioma cells.

Kv1.3 inhibitors induce cell death in glioma cells

Recent studies have shown that the membrane-permeant Kv1.3 inhibitors PAP-1,
Psora-4 and clofazimine induce apoptosis in macrophages and different cancer cell lines,
such as Jurkat (leukemic T lymphocytes), B16F10 (melanoma), SAOS-2 (sarcoma osteogenic),
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Fig. 1. Kv1.3 is expressed in glioma cells. (A, B) Glioma cells GL261, A172 and LN308 were analyzed for ex-
pression of plasma membrane Kv1.3 by flow cytometry after staining with FITC-coupled anti-Kv1.3 antibod-
ies (A) or for total expression of Kv1.3 by Western blot studies of enriched membrane fractions (B). Shown
are representative studies from 3 (A) and 2 (B) independent experiments with similar results.

KARGER

30

202 Iudy Gz uo 3senb Aq ypd°e49087000/.LYEEIZE/IT/ LISZ/PA-Bl0IE/BSU/WOD JoBIEY MMM//:dRY WO papeojumo]


http://dx.doi.org/10.1159%2F000480643

Neurosignals 2017;25:26-38

NEURO-
S

Published online: September 01, 2017

© 2017 The Author(s). Published by S. Karger AG, Basel
www.karger.com/nsg

IGNALS

Fig. 2. Kv1.3 is expressed in the plas-
ma membrane and in mitochondria of
glioma cells. (A) Western blot studies
revealed Kv1.3 expression in enriched
membrane fractions (EM) and mito-
chondria (M). Tim23 served as mito-
chondrial marker, Tubulin as marker
for cytoplasma. (B, C) Confocal micros-
copy of cells stained with Cy3-coupled
anti-Kv1.3 and Dylight649-labelled
anti-Tim23 antibodies (B) and trans-
mission electron microscopy (C) of
glioma cells stained with gold-coupled
anti-Kv1.3 antibodies confirmed mito-
chondrial expression of the Kv1.3 chan-
nel. (B) The confocal microscopy stud-
ies revealed a partial co-localization of
Kv1.3 with mitochondrial membranes
that were stained with anti-Tim23
antibodies indicating mitochondrial
expression of Kv1.3. (C) Localization
of Kv1l.3 in the electron microscopy
studies was indicated by the sharp
black gold particles. The gold particles
localized to mitochondria (M), the en-
doplasmatic reticulum, the nuclear and
the plasma membrane. Control studies
using isotype control immunoglobulins
confirmed the specificity of the stain-
ings. Figures are representative for 2
independent experiments with similar
results.
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and ex vivo in B-cells from chronic lymphocytic leukemia patients (CLL) [6, 13, 14]. Thus, we
determined the effects of different concentrations of the drugs on cell death in GL261, LN308
and A172 by Trypan blue staining after 24 hrs incubation. Since many tumor cells extrude
drugs by multidrug resistance pumps (MDR), MDR pump inhibitors (MDRi) Cyclosporine
H (CSH) and probenecid were used in combination with Kv1.3 inhibitors to prevent export
of the drugs from the intracellular milieu and, thus, amplify the effect of Kv1.3 blockers.
However, all three cell lines GL261, LN308 and A172 (Fig. 3A) were rather resistant to the
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Fig. 3. Mitochondria-targeted Kv1.3 inhibitors induce cell death of glioma cell lines. (A) GL261, LN308 and
A172 cells were treated for 24 hrs with different concentrations of Kv1.3 inhibitors PAP-1 and Psora-4 in
combination with cyclosporine H (CSH) and probenecid (Prob), the latter inhibitors of multiple drug resis-
tance proteins (MDR). The different concentrations of the multiple drug resistance protein inhibitors are
indicated by an apostrophe. Cell death was assessed by Trypan blue. The mean + SD of 3 independent exper-
iments is shown. Significant differences between treated and untreated samples are indicated by asterisks
(*p<0.05; ** p<0.01, one-way ANOVA/Bonferroni). Percentage of cell death was calculated as follows: % cell
death= (100 * number non-viable cells) /total cells. Untr. = untreated. (B-D) GL261 (B), LN308 (C) and A172
(D) glioma cells were treated with clofazimine, PAPTP and PCARBTP. After 24 hrs, cells were stained with
FITC-Annexin V and analyzed by flow cytometry. A representative experiment is displayed and the means *
SD of cell death in three independent studies is given. Significant differences between treated and untreated
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samples are indicated by asterisks (*** p<0.001, one-way ANOVA/Bonferroni). (E) G1261 cells were treated
for 16 hrs with clofazimine (clofa), PAPTP or PCARBTP, mitochondrial and cytosolic fractions were isolated,
separated on 12% SDS-PAGE, transferred to a PVDF membrane and developed for cytochrome c or Tom20.
GADPH served as loading control. The experiment was performed three times with similar results.

Fig. 4. Clofazimine and PAP-1 derivatives do not reduce glioma growth
in vivo. Glioma-injected mice were left untreated, treated with 10 nmo-
1/gi.p. clofazimine, 4 nmol/g i.p. PAPTP or 8 nmol/gi.p. PCARBTP (n=3
each group) at days 5, 7, 9 and 11 post injection. The survival times and
the means # SD are given.

40

30
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after glioma injection
=]
[==}
H—

treatment with Psoralen derivatives Psora-4 and PAP-1, which induced only 20-30% more
cell death compared to the control.

We therefore investigated whether another Kv1.3 inhibitor, i.e. clofazimine, and the
recently developed inhibitors of Kv1.3 [13] PAPTP and PCARBTP, that target the channel
in mitochondria, may have a stronger effect on glioma cell survival. Thus, GL261, A172 and
LN308 cells were treated with clofazimine, PAPTP or PCARBTP and cell death was assayed
by flow cytometry upon staining of the cells with FITC-coupled Annexin V (Fig. 3B-D). PAPTP
and PCARBTP were used alone or in combination with a low dose of clofazimine, which
also acts as MDR inhibitor. After 24 hrs incubation, cells were collected, stained with FITC-
Annexin V and analyzed by flow cytometry. Both mitochondria-targeted PAP-1 derivatives
induced massive death in all tested glioma cell lines, achieving 90% cell death in GL261 and
LN308 cells after 24 hrs, while clofazimine displayed a weaker effect, inducing a maximum of
50% of apoptosis (Fig. 3B-D). Compared to GL261 and LN308 the glioma cell line A172 was
most resistant to treatment with clofazimine, while PAPTP and PCARBTP efficiently induced
cell death even in this resistant cancer cell line (Fig. 3B-D).

Previous studies demonstrated that the Kv1.3 inhibitors PAP-1, Psora-4 and clofazimine
induce the mitochondrial pathway of cell death [14]. To test whether PAPTP and PCARBTP
also activate the intrinsic cell death pathway in glioma cells, we analyzed the release of
cytochrome c from mitochondria by western blot analysis after treatment with clofazimine,
PAPTP and PCARBTP. The results revealed a release of cytochrome c upon incubation of
GL261 glioma cells with different clofazimine concentrations, PAPTP or PCARBTP (Fig. 3E).
The classical intrinsic apoptosis inducer staurosporine was used as positive control.

Kv1.3 inhibitors do not reduce glioma growth in vivo

The in vitro data indicate a strong effect of Kv1.3 inhibitors on glioma cells. To test
whether clofazimine, PAPTP and PCARBTP are also able to induce cancer cell death in vivo,
we employed a syngeneic mouse glioma model, which does not require a deficient immune
system and closely mimics growth characteristics of human GBM, including invasive and
angiogenic properties [23]. Clofazimine, PAPTP or PCARBTP were intraperitoneally injected
atdays 5, 7,9 and 11 post tumor cell injection and survival of the animals was assessed (Fig.
4). However, none of the drugs had a significant impact on the survival of tumor-bearing
mice (Fig. 4).

Discussion
The results presented here indicate that Kv1.3 is expressed in different murine and

human glioma cell lines, both in the plasma membrane and in mitochondria. Up to now, Kv1.3
had been identified in various glial tumors by the groups of Preussat and Felipe [24, 25]. Our
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study, showing expression of Kv1.3 in three different glioma cell lines, is in agreement with
these studies and in addition it provides for the first time evidence on the mitochondrial
expression of Kv1.3 in glioma. Dual localization of the channel, i.e. expression of Kv1.3 in
mitochondrial and plasma membranes, had already been found in breast cancer MCF-7,
prostate cancer PC3, osteosarcoma SAOS-2, melanoma B16F10, Jurkat T cell lymphoma [22,
26, 27] and pancreas carcinoma [28]. In addition, recent data indicate the presence of Kv1.3
also in cis-Golgi [29] and in the nuclear membrane [30], which is also consistent with the
present studies. The function of the cis-Golgi-located channels is unknown, while nuclear
Kv1.3 has been suggested to impact on transcription factor activation via regulation of the
nuclear membrane potential. Mitochondria-located Kv1.3 has been shown to play a crucial
role in the regulation of cell death in various systems [13], but no connection of mitoKv1.3
with cell death had been demonstrated in glioma until now.

Here, we show that inhibition of Kv1.3 by relatively specific membrane permeable
inhibitors triggers apoptosis in glioma cells. In particular, drugs that target mitochondria
such as PAPTP or PCARBTP due to a positively charged modification in the molecule [14]
are highly effective in killing GBM cells, while the precursor, PAP-1, and Psora-4, that are not
targeted to mitochondria [14], are much less efficient with only up to 30% death of glioma
cells. The A172 cell line is also resistant to clofazimine, at least partially. A tumor's multidrug
resistance phenotype, especially expression of P-glycoprotein (p-gp) and of the multidrug
resistance related proteins (MRPs), has been suggested to influence uptake of drugs and
expression of p-gp has been shown to vary among glioma cell lines [31, 32]. Apparently, A172
does not express detectable p-gp [32]; on the other hand, the finding that the MDR inhibitor
probenecid increases the sensitivity of the cells to Kv1.3 inhibitors in a concentration-
dependent manner points to an involvement of MDR pumps in the resistance of the tumor to
Kv1.3 inhibitors. In any case, in two glioma lines 90% reduction of cell survival was observed
with clofazimine, a drug with minimal side effects.

Our in vivo experiments on glioma failed to show a beneficial effect of the drug on
orthotopic glioma, which is most likely due to the failure of the drug to accumulate in
sufficient amounts in glioblastoma cells in vivo. The healthy blood-brain barrier (BBB) has
been shown to be impermeable for clofazimine [33, 34]. However, at present it is unknown
whether the drug does not cross into tumor tissue although the blood brain barrier is altered
in tumor tissues, whether the drug is rapidly consumed within the tumor tissue or whether
the tumor cells are able to actively excrete the drug. The BBB permeability is altered only at
the late stages of glioma development, but seems to remain mostly intact in terms of solute
and drug permeability during early stages of tumor development [35]. Thus, in most GBM,
and even more in lower grade gliomas, the BBB is preventing efficient passage of cancer
chemotherapeutics [36] and this may also apply to our findings.

Therefore, a critical step during the development of these drugs for treatment of GBM
and their translation into clinical treatments will be to increase their bioavailability within
the glioblastoma tissue. One method could be the use of nanoparticles [37-39]. For instance,
Gao and colleagues showed an increased IL-13 peptide uptake by glioma if the cytokine was
coupled to nanoparticles [40]. Nanoparticles were also shown to increase paclitaxel efficacy
in a malignant glioma model [41]. In addition, nanoparticles could be used in combination
with physical techniques, such as ultrasound therapy, photodynamic therapy or irradiation
[42]. Focus ultrasound exposure was recently used to enhance temozolomide delivery to
glioma [43]. Promising results have recently been obtained using liposomes. Thus, e.g,
PEGylated liposomes functionalised with two peptides with high affinities for transferrin
receptors (TfRs) and Vascular Endothelial Growth Factor Receptor 2 (VEGFR 2), respectively,
showed gratifying tumor-targeting properties in a mouse orthotopic glioma model [44]. In
an analogous study [45] decoration with a TfRs-targeting peptide and (optionally) octa-
arginine (Rg; a well known membrane-penetration device) also provided significant drug
delivery to the brain of glioma-bearing mice, although organ selectivity was not very marked.
Interestingly, the presence of the multiple positive charges of the oligo-arginine chain
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determined a pronounced association with mitochondria in in vitro experiments. However,
to get access to fast migrating glioma cells at the front of the tumor, further chemical
modifications allowing the drugs to reach high concentrations in the tumor cells seem to
be necessary. A strategy may envision the direct coupling of the drug to a cell-penetrating
peptide, best if coupled to a homing peptide as well [46-49].

In summary, we demonstrate that inhibition of Kv1.3 in glioma by clofazimine, PAPTP
or PCARBTP results in induction of death in a very high proportion of glioma cells. However,
at present, a translation into the clinic requires modifications of these drugs and/or of the
delivery method.

Acetylation is often used to improve the transport of a drug over the BBB, however, the
present drugs lack a free OH group and this approach would not be an option.

We have previously shown that the membrane composition, in particular the formation
of ceramide and ceramide-enriched membrane platforms, influences the function of
Kv1.3, but also other ion channels and transporters [50-54]. Thus, it might be interesting
whether targeted changes of sphingolipids using drugs that inhibit for instance the acid
sphingomyelinase [55-59] also influence and promote the function of Kv1.3 inhibitors.

Our previous studies in mice did not shown any side effects of the doses of Kv1.3
inhibitors used in the present study, in particular we did not detect any apoptosis or necrosis
of tissues [13, 14]. However, Kv1.3 is expressed in the heart and application of the drug to
humans must carefully monitor for any cardiac problems, in particular arrest or arrhythmia.
In fact higher doses of the drugs showed cardiovascular side effects in mice and we therefore
treated the mice with a safe dose. Further, mice deficient for Kv1.3 have some hearing
problems and, thus, side effects on the inner ear must be also monitored.

In summary, we demonstrate that inhibition of Kv1.3 in glioma by clofazimine, PAPTP
or PCARBTP results in induction of death in a very high proportion of glioma cells. However,
at present, a translation into the clinic requires modifications of these drugs and/or of the
delivery method.
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