
Research Article
Kv1.3 inhibition in tumour cells
Inhibitors of mitochondrial Kv1.3 channels
induce Bax/Bak-independent death of
cancer cells
Luigi Leanza1, Brian Henry2, Nicola Sassi3, Mario Zoratti3, K. George Chandy4,
Erich Gulbins2*,y, Ildikò Szabò1**,y
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Overcoming the resistance of tumours to chemotherapy, often due to down-

regulation of Bax and Bak, represents a significant clinical challenge. It is therefore

important to identify novel apoptosis inducers that bypass Bax and Bak. Potassium

channels are emerging as oncological targets and a crucial role of mitochondrial

Kv1.3 in apoptosis has been demonstrated. Here we report for the first time that

Psora-4, PAP-1 and clofazimine, three distinct membrane-permeant inhibitors of

Kv1.3, induce death by directly targeting the mitochondrial channel in multiple

human andmouse cancer cell lines. Importantly, these drugs activated the intrinsic

apoptotic pathway also in the absence of Bax and Bak, a result in agreement with

the current mechanistic model for mitochondrial Kv1.3 action. Genetic deficiency

or short interfering RNA (siRNA)-mediated downregulation of Kv1.3 abrogated the

effects of the drugs. Intraperitoneal injection of clofazimine reduced tumour size by

90% in an orthotopic melanoma B16F10 mouse model in vivo, while no adverse

effects were observed in several healthy tissues. The study indicates that inhibition

of mitochondrial Kv1.3 might be a novel therapeutic option for the induction of

cancer cell death independent of Bax and Bak.
INTRODUCTION

Chemoresistant tumour biology contributes to poor clinical

prognosis and represents a fundamental limitation of current

anti-tumour therapies. The pro-apoptotic proteins Bax and Bak

are central players for the induction of apoptosis by many

chemotherapeutic drugs including etoposide, cisplatin and
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adriamycin. Down-regulation of these proteins represents a

common mechanism for tumour cells to develop resistance (e.g.

Ionov et al, 2000; LeBlanc et al, 2002; McCurrach et al, 1997;

Meijerink et al, 1998; Wang et al, 2001). Therefore, the

identification of molecules that mediate the death of cancer cells

independent of Bax and Bak is of great interest for the

development of novel tumour therapies. Here, we tested the

potential of mitochondrial Kv1.3 to serve as such a target for the

induction of apoptosis.

Kv1.3, a potassium channel of the shaker family (Gutman

et al, 2005), is functionally active in both the plasma membrane

and the mitochondrial inner membrane (mitoKv1.3) in

lymphocytes (Szabò et al, 2005), hippocampal neurons (Bed-

narczyk et al, 2010) and astrocytes (Cheng et al, 2010). Changes

of Kv1.3-expression have been described in various cancers

(Arcangeli et al, 2009), including human diffuse large B cell

lymphoma (Alizadeh et al, 2000), glioma (Bielanska et al, 2009;

Preussat et al, 2003), melanoma (Artym & Petty, 2002), breast

(Abdul et al, 2003; Jang et al, 2009), prostate (Abdul & Hoosein,
� 2012 EMBO Molecular Medicine 577
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2006), gastric (Lan et al, 2005), pancreas (Brevet et al, 2009) and

colon cancers (Abdul & Hoosein, 2002).

Plasma membrane Kv1.3 has been shown to be critical for

proliferation (for recent reviews see, e.g. Arcangeli et al, 2009;

Cahalan & Chandy, 2009), while mitoKv1.3 has been demon-

strated to be important for induction of apoptosis in different cell

types (for a recent review see Szabò et al, 2010). Kv1.3 knock-

down in human peripheral blood lymphocytes or deficiency in

cytotoxic T lymphocytes (CTLL-2) impairs apoptosis triggered

by various stimuli, while its expression in mitochondria is

sufficient to restore apoptosis in CTLL-2 T lymphocytes (Szabò

et al, 2008). Platelets from Kv1.3�/� mice are resistant to

apoptosis (McCloskey et al, 2010). Furthermore, transfection of

rat retinal ganglion cells, which express Kv1.1, Kv1.2, Kv1.5 and

Kv1.3, with short interfering RNAs (siRNAs) directed against

Kv1.1 or Kv1.3 channels greatly reduced apoptosis upon optic

nerve transection, whereas Kv1.2- or Kv1.5-targeted siRNAs had

only a small effect (Koeberle et al, 2009).

We previously reported that the presence of mitoKv1.3 is

critical for mitochondrial apoptotic events (Szabò et al, 2008). In

particular, we identified mitoKv1.3 as a novel target of the pro-

apoptotic protein Bax and demonstrated a physical interaction

between these two proteins in apoptotic cells (Szabò et al, 2008;

Szabò et al, 2011). Incubating isolated Kv1.3-positive mitochon-

dria with Bax or the known Kv1.3 inhibitors MgTx, ShK or Psora-

4 triggered typical apoptotic events includingmembrane potential

changes, reactive oxygen species (ROS) production and cyto-

chrome c release (Szabò et al, 2008). These effects were not

observed in Kv1.3-deficient mitochondria. Mutation of the highly

conserved Bax lysine 128 (BaxK128E), which faces the

intermembrane space after mitochondrial insertion of Bax (Annis

et al, 2005), abrogated Kv1.3 inhibition and the pro-apoptotic

effects of Bax both in isolated mitochondria and in intact cells

expressing the mutant protein (Szabò et al, 2011). These data

indicated that Bax binds to and inhibits Kv1.3 to trigger apoptosis.

However, to inhibit mito-Kv1.3 in intact cells, membrane

permeable Kv1.3 inhibitors are required. Several membrane-

permeant pharmacological inhibitors of Kv1.3 are available, in

particular the non-peptidyl inhibitors Psora-4 (Kd 3 nM)

(Vennekamp et al, 2004), PAP-1 (Kd 2 nM) (Schmitz et al,

2005) and clofazimine (IC50 300 nM) (Ren et al, 2008). Psora-4

and PAP-1 are non-phototoxic derivatives of 5-methoxy-

psoralen that bind to a water-filled cavity below the selectivity

filter of Kv1.3 (Schmitz et al, 2005; Vennekamp et al, 2004).

Psora-4 inhibits Kv1.3 and Kv1.5with comparable efficacy in the

low nM range (Vennekamp et al, 2004), while PAP-1 is 23-fold

selective for Kv1.3 (Kd 2 nM) over Kv1.5 (Schmitz et al, 2005).

However, patch clamp experiments performed with micromolar

concentrations showed that both inhibitors also act on other

potassium channels of the Kv family (Schmitz et al, 2005).

Clofazimine, a riminophenazine compound, rather selectively

blocks Kv1.3 (Kd 300 nM) with tenfold higher potency than

Kv1.1, Kv1.2, Kv1.5 and Kv3.1 (Ren et al, 2008). Clofazimine is

already in use for the treatment of various pathologies, including

psoriasis, chronic graft-versus-host disease and granulomatous

cheilitis (e.g. Ren et al, 2008). Clofazimine has been shown to be

safe for humans in over 70 years of clinical use. Importantly,
� 2012 EMBO Molecular Medicine
administration of the most selective non-peptidyl Kv1.3

inhibitor, the Psora-4 derivative PAP-1, to monkeys did not

result in toxicity and did not compromise the protective immune

response to viral and bacterial infection (Pereira et al, 2007).

In the present work CTLL-2 lymphocytes either lacking Kv1.3

or stably transfected with Kv1.3 were employed, in order to

provide genetic data for the observed effects of the membrane

permeant inhibitors on the potassium channel. Further,

we describe that these drugs efficiently kill a variety of

Kv1.3-positive human and mouse tumour cells by inducing

apoptosis, while they are inactive in Kv1.3-deficient cells. The

cytotoxic effect, due to activation of the intrinsic apoptotic

pathway, is independent of Bax and Bak expression. The

potential value of Kv1.3 inhibitors as agents for tumour-

treatment is supported by in vivo studies demonstrating that

clofazimine greatly diminishes tumour growth in a mouse

melanomamodel. Our work thus identifies the specific targeting

of mitoKv1.3 as a novel pharmacological tool to induce

apoptosis in tumour cells independent of Bax and Bak. The

safety of these Kv1.3 inhibitors emphasizes their potential for

use in the treatment of malignant tumours.
RESULTS

Membrane-permeant Kv1.3 inhibitors induce apoptosis

by targeting mitochondrial Kv1.3

To test whether membrane-permeant Kv1.3 inhibitors are

capable of inducing apoptosis by acting specifically via Kv1.3,

we stably transfected murine CTLL-2, which lack Kv1.3 and

other functional Kv potassium channels (e.g. Szabò et al, 2005)

with an expression vector for Kv1.3 (CTLL-2/Kv1.3) or the

empty vector control (CTLL-2/pJK). This model is suitable to

study physiological processes linked to the activity of Kv1.3.

Previous data showed that the transfection with Kv1.3 resulted

in physiological expression levels of the channel protein (Szabò

et al, 2005; Szabò et al, 2008). Psora-4, PAP-1 and clofazimine

dose-dependently decreased cell viability, as determined by

3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide

(MTT) assays, in Kv1.3-expressing CTLL-2/Kv1.3 cells (Fig 1A).

Conversely, CTLL-2/pJK cells were resistant to these drugs

(Fig 1A). CTLL-2/pJK cells were also resistant to staurosporine

(1mM for 12 h), a classical inducer of the intrinsic apoptotic

pathway, emphasizing the importance of Kv1.3 for apoptosis

(Fig 1A and Szabò et al, 2008). Since many tumours extrude

drugs by multidrug resistance (MDR) pumps, we incubated the

cells with the MDR pump inhibitors (MDRi) Cyclosporine H

(CSH) and probenecid. These were used in order to prevent

export of the applied drugs and thus allow the amplification of

the effects of Kv1.3 inhibitors in the intracellular milieu. In fact,

when combined with MDRi, Kv1.3 blockers were significantly

more effective in reducing viability of CTLL-2/Kv1.3 cells.

Clofazimine, a less potent Kv1.3 inhibitor (Kd 300 nM), was

most effective (EC50 �1mM). This is likely due to its ability to

block both Kv1.3 (Ren et al, 2008) and MDR pumps (Van

Rensburg et al, 1998). CSH and probenecid were not toxic at the

concentrations we used (Fig 1A, left panel). Further, membrane-
EMBO Mol Med 4, 577–593 www.embomolmed.org
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Figure 1. Effect of membrane-permeant Kv1.3 inhibitors on lymphocytes lacking or expressing the Kv1.3 potassium channel. CTLL-2/pJK and CTLL-2/Kv1.3

were incubated for 12 h with different compounds as indicated (MDRi: CSH 1mMþProb. 50mM) (pJK: CTLL-2/pJK; Kv1.3: CTLL-2/Kv1.3).

A. Cell viability wasmeasured byMTT assay. Values are reported as themean percentage of cell survival compared to untreated cells� SD (n¼ 15–20; ��p<0.01).

The concentration of ShK, MgTx and ChTx was 1mM; staurosporine (S) was 1mM; the concentrations of Psora-4, PAP-1 and clofazimine are given under the

graph.

B. Cell death was analyzed by FACS using double staining with Annexin V and propidium iodide. Values reported in the bar-graph indicate the mean

percentage� SD of dead cells calculated taking into account Q2 and Q4 (all annexin positive cells) (n¼5). Differences between CTLL-2/pJK and CTLL-2/Kv1.3

are statistically significant (t-test, ��p< 0.01) in all cases, except for control, untreated cells. The lower panel illustrates a representative experiment.
impermeant Kv1.3 inhibitors such as MgTx, ShK and ChTx did

not affect cell survival of CTLL-2/Kv1.3 (Fig 1A, left panel) at a

concentration >1000-fold higher than the channel-blocking

dose (MgTx for example, fully blocks Kv1.3 at 1 nM) (Garcia-

Calvo et al, 1993), indicating that inhibition of intracellular, but

not plasma membrane Kv1.3, mediates cell death. Control

studies also indicated that Kv1.3 expression did not alter protein

levels of pro-apoptotic Bax, anti-apoptotic Bcl-xL or the effector

caspase-3 in CTLL-2/Kv1.3 cells compared to CTLL-2/pJK cells

(Supporting Information Fig S1A).

In order to confirm that the observed decrease in cell viability

was a result of increased apoptosis and not necrosis, we

evaluated the effect of the PAP-1, Psora 4 and clofazimine in

combination with MDRi by measuring phosphatidylserine
www.embomolmed.org EMBO Mol Med 4, 577–593
exposure by Annexin V binding and propidium iodide staining.

All three membrane-permeant Kv1.3 inhibitors induced phos-

phatidylserine exposure in CTLL-2/Kv1.3 cells, but not in Kv1.3

deficient CTLL-2/pJK cells. Annexin V binding was similar to

that observed upon incubation of the cells with staurosporine

(Fig 1B). Non-permeant inhibitors (MgTx and Shk) and MDRi

alone did not induce significant apoptosis (Fig 1B and

Supporting Information Fig S1B).

To further demonstrate that membrane-permeant Kv1.3

inhibitors induce apoptosis by blocking intracellular, most

likely mitochondrial Kv1.3, we suppressed Kv1.3 expression in

human Jurkat leukemic T cells by transient transfection with

siRNA targeting Kv1.3. Kv1.3 is the only potassium channel of

the Kv family expressed in human Jurkat leukemic T cells and is
� 2012 EMBO Molecular Medicine 579
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active in mitochondria (mitoKv1.3) (Szabò et al, 2005).

Transfection efficiency was visualized by fluorescence activated

cell sorter (FACS) analysis using an Alexa-555 labelled siRNA

(Fig 2A) and suppression of Kv1.3 expression was confirmed by

Western blotting (Fig 2B). The results show that Psora-4-, PAP-1-

and clofazimine-induced apoptosis was significantly decreased

in human Jurkat leukemic T cells upon reduction of channel
Figure 2. Apoptosis-inducing effect of membrane permeant Kv1.3 inhibitors

A,B. Human Jurkat leukemic T cells were electroporated with either Alexa-555 l

experimental section. After 48 h the cells were treated as indicated for 24 h (

the presence or absence of MDR-inhibitors (MDRi). Alexa-555 fluorescence (A

expression, respectively (100mg/lane of total extract). Anti-Bax and anti-GA

independent studies.

C. Upper panel: average percentages of cell death� SD (n¼3). Asterisks indica

typical result using human Jurkat leukemic T cells from the same culture a

� 2012 EMBO Molecular Medicine
expression by siRNA (Fig 2C), while cells transfected with

control siRNA still underwent apoptosis to an extent similar to

that observed in non-transfected cells.

Although the above experiments suggest that the cytotoxic

effect of PAP-1, Psora-4 and clofazimine is due to a specific

action against mitochondrial Kv1.3, it is important to rule out a

possible contribution of calcium-dependent potassium chan-
depend on Kv1.3 expression.

abelled siRNA control (scramble) or siRNA against Kv1.3 as described in the

20mM Psora and PAP-1; 1mM clofazimine, staurosporine (Stauro) and ShK) in

) and Western blot (B) are shown to evaluate siRNA transfection and protein

PDH were used as loading control. The results are representative of three

te statistically significant differences (��p< 0.01). The lower panel displays a

nd processed together.

EMBO Mol Med 4, 577–593 www.embomolmed.org
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nels. CTLL-2 lymphocytes, like primary lymphocytes, express

the KCa3.1 intermediate-conductance calcium-activated Kþ

channel (Supporting Information Fig S1A), while human Jurkat

leukemic T cells express only the KCa2.2 small-conductance

calcium-activated Kþ channel (Fanger et al, 2001). These two

channels are specifically blocked by TRAM-34 (IC50 20 nM) and

UCL1684 (IC50 250 pM), respectively (Fanger et al, 2001).

Notably, both drugs are membrane-permeant. Supporting

Information Fig S2A illustrates that even 20mM UCL1684 failed

to induce apoptosis in human Jurkat leukemic T cells. Likewise,

doses up to 5mM TRAM-34 did not trigger death in CTLL-2/pJK

cells. These data indicate that inhibition of calcium-activated Kþ

channels does not mediate cell death in these lymphocytes. In

summary, these data demonstrate that PAP-1, Psora-4 and

clofazimine induce cellular apoptosis by inhibition of intracel-

lular Kv1.3.
www.embomolmed.org EMBO Mol Med 4, 577–593
Membrane-permeant Kv1.3 inhibitors induce the classical

apoptosis pathway

The apoptotic signalling cascade upon treatment with PAP-1,

Psora-4 and clofazimine was next characterized by assaying

hallmark apoptotic events in CTLL-2/Kv1.3 and CTLL-2/pJK

cells. To this end, we evaluated the activity of caspase-9 and

caspase-3, initiator and effector caspases, respectively, of the

intrinsic pathway. We observed that caspase-9 and caspase-3

activity increased 25- and 30-fold, respectively, in the Kv1.3

expressing cells upon 12 h treatment with Psora-4, PAP-1 and

clofazimine plus MDRi, while the drugs were without effect in

CTLL-2/pJK cells (Fig 3A). Caspase-3 activation was confirmed

by visualization of the cleaved form in Western blots (Fig 3B).

Co-incubation of the cells with Kv1.3 blockers and MDRi

significantly increased caspase-3 activity compared to the

effects of the inhibitors alone (Fig 3B). A caspase-8 deficient
Figure 3. Membrane-permeant Kv1.3 inhibitors

trigger caspase activation. CTLL-2/pJK and CTLL-2/

Kv1.3 were incubated for 12 h with the different

compounds (MDRi: CSH 1mMþProb. 50mM; 20mM

Psora and PAP-1; 1 or 10mM clofazimine; 1mM

staurosporine, ShK or MgTx) as indicated and total

protein extracts were prepared.

A. Caspase-3 and caspase-9 activities were

measured as indicated in Materials and Methods

Section. Four separate experiments were per-

formed in triplicates. The values plotted are the

average of 12 measurements� SD (��p< 0.01).

B. Upper part: Kv1.3 inhibitors trigger caspase-3

activation as indicated by proteolytic cleavage.

Shown are Western blot studies with an anti-

caspase 3 antibody using the same protein

extracts (100mg/lane) as in panel A. The lower

panel displays caspase 3 cleavage in 106 CTLL-2/

Kv1.3 cells treated as indicated or left untreated

(‘C’). Caspase 3 cleavage by Kv1.3 inhibitors is

enhanced by MDRi. Glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) was used as loading

control. The experiments were performed three

times with similar results.

C. Caspase-8 knock-out human Jurkat leukemic T

cells undergo apoptosis when treated for 24 h

with staurosporine (1mM) and membrane-per-

meant Kv1.3 inhibitors (MDRi: CSH 4mMþ Prob.

100mM; 20mM Psora and PAP-1; 1mM clofazi-

mine, ShK). Mean of percentages of cell

death� SD is shown (n¼3, �p< 0.05).

� 2012 EMBO Molecular Medicine 581
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Figure 4. Kv1.3 inhibitors induce cytochrome c release only in Kv1.3-expressing lymphocytes.

A. Cytochrome c release was detected in CTLL-2/pJK and CTLL-2/Kv1.3 cells by confocal microscopy following Psora-4 treatment (MDRi: CSH 1mMþProb. 50mM;

20mM Psora). Anti-hexokinase II was used to identify mitochondria. Shown is a representative result of 4 similar studies. Bar: 10mm.

B. CTLL-2/pJK and CTLL-2/Kv1.3 cells were treated with the different compounds (MDRi: CSH 1mMþ Prob. 50mM; 20mM Psora and PAP-1; 1mM clofazimine,

MgTx) as indicated. Release of cytochrome c was detected with a specific monoclonal antibody by Western blot. Tom20 was used as loading control. The

experiment was performed 3 times with similar results.

582
lymphocyte cell line still underwent apoptosis, suggesting that

caspase-8 is not involved in the apoptotic signalling induced by

these drugs (Fig 3C). Mitochondrial cytochrome c release was

observed only in Kv1.3-positive cells when treated with the

membrane-permeant inhibitors (Fig 4A and B). To gain further

insight into the mechanism of action of membrane-permeant

Kv1.3 inhibitors, we monitored changes in mitochondrial ROS

production in CTLL-2 cells (Fig 5A) and in human Jurkat

leukemic T lymphocytes (Supporting Information Fig S4A) and

mitochondrial membrane potential in CTLL-2 cells (Fig 5B).

Membrane-permeant Kv1.3 inhibitors caused early ROS

release and mitochondrial depolarization only in CTLL-2/

Kv1.3 cells, but not in the cells lacking the channel (Fig 5A and

B), indicating that membrane-permeable substances did not

induce oxidative stress per se and that ROS production is

downstream of Kv1.3. In accordance, cell death induced by
� 2012 EMBO Molecular Medicine
oxidative stress via menadione occurred in both cell types

independently of the presence of Kv1.3 (Supporting Informa-

tion Fig S2B).

Finally, PAP-1, Psora-4 and clofazimine induced poly (ADP-

ribose) polymerase (PARP) cleavage, an event downstream of

cytochrome c release and caspase-3 activation, only in cells

expressing Kv1.3 (Fig 5C). PARP cleavage was more pronounced

when these agents were used in combination with MDRi (Fig 5C).

In contrast, neither MgTx nor ShK induced caspase-9 or caspase-3

activation, cytochrome c release, mitochondrial depolarization or

PARP cleavage, further indicating that inhibition of plasma

membrane Kv1.3 is not sufficient to trigger cell death.

Collectively, these data indicate that membrane-permeant

Kv1.3 inhibitors activate typical intrinsic apoptotic signalling

pathways, and suggest that this action is achieved by specifically

targeting mitochondrial Kv1.3.
EMBO Mol Med 4, 577–593 www.embomolmed.org
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Figure 5. Kv1.3 inhibitors induce ROS release, mitochondrial depolarization and PARP cleavage only in Kv1.3-expressing lymphocytes.

A,B. Mitosox (A) and TMRM (B) fluorescence in CTLL-2/pJK and CTLL-2/Kv1.3 cells following incubation with each 20mM Psora or PAP-1, each 1mM clofazimine

(all added in presence of MDRi: CSH 1mM and Prob. 50mM), MgTx or ShK or left untreated (CTRL). Mean values� SD are shown (n¼4, ��p<0.01, ANOVA).

Mitosox detects ROS produced by mitochondria, TMRM reflects mitochondrial membrane potential.

C. PARP cleavage and activation was detected by Western blotting in the same extracts used in Fig 3B with an anti-PARP antibody (100mg/lane). GADPH was

used as loading control. Lower part: PARP activation in CTLL-2/Kv1.3 cells is more pronounced in the presence of MDRi.
Kv1.3 inhibitors kill a variety of tumour cell lines by targeting

mitochondrial Kv1.3

To evaluate the effects of Kv1.3 inhibitors on tumour cell lines,

we tested cell survival by the MTT assay and cell death by

fluorescein isothiocyanate (FITC)-annexin V binding in human

Jurkat leukemic T lymphocytes, in human osteosarcoma SAOS-

2 cells and in the mouse B16F10 melanoma cell line (Fig 6A–D).

Western blot studies of lysates from Percoll-purified mitochon-

dria employing two different anti-Kv1.3 antibodies confirmed
www.embomolmed.org EMBO Mol Med 4, 577–593
expression of Kv1.3 in mitochondria of SAOS-2 and B16F10 cells

(Supporting Information Fig S3A and B). Psora-4, PAP-1 and

clofazimine induced apoptosis only in Kv1.3-expressing Jurkat,

B16F10 and SAOS-2 cells, but not in HEK293 cells, known to

express low levels of Kv potassium current (Yu & Kerchner,

1998), and not in the K562 human chronic myelogenous

leukaemia cell line previously shown to lack Kv1.3 expression

and current (Smith et al, 2002) (Fig 6A and B). Moreover,

downregulation of Kv1.3 in B16F10 cells by transfection with
� 2012 EMBO Molecular Medicine 583
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Figure 6. Effects of membrane-permeant Kv1.3 inhibitors on various human cell lines.

A. Jurkat, B16F10, SAOS-2 (upper panel) and HEK293 and K562 cells (lower panel) were incubated for 24 h as indicated (MDRi: 4mM CSHþ100mM Prob.; each

20mM Psora-4 or PAP-1; each 1mM clofazimine, MgTx, ShK or staurosporine). K562 cells are more sensitive to SKI606 (Puttini et al, 2006), an inhibitor of Src

kinases, than to staurosporine, and SKI606 (5mM) was therefore used as positive control. MTT assay was performed to determine cell survival. Data are shown

as mean changes in percent compared to untreated cells� SD (n¼ 12; ��p< 0.01).

B. Representative FACS analysis performed on K562 cells lacking Kv1.3 treated as in panel A. Right panel: average % of cell death� SD is shown (n¼3; ��p<0.01).

C. Annexin V binding in SAOS-2 cells after treatment with the different Kv1.3 inhibitors at the concentrations used in panel A shown by fluorescence microscopy.

The result shown is representative of four other experiments giving similar results. Bar: 100mm (except for MDRiþClof, where bar is 50mm).

D. B16F10 melanoma cells die by apoptosis as assayed by FACS analysis after FITC-Annexin V staining. Furthermore, TUNEL staining after a 24 h treatment of

B16F10 melanoma cells with Kv1.3 inhibitors confirmed apoptosis in B16F10 cells after Kv1.3 inhibition (data not shown). Suppression of Kv1.3 expression by

transfection of siRNA targeting Kv1.3 prevents cell death by Kv1.3 inhibitors. B16F10 cells were treated as indicated for panel A. Given is the mean of the

percentage of dead cells� SD (n¼4; �p<0.05, ���p<0.001).

584
siRNA prevented cell death upon treatment with Psora-4, PAP-1

and clofazimine (Fig 6D). Again, the drugs were more efficient

in the presence of MDRi (Supporting Information Fig S3C).

Kv1.3. inhibitors induce apoptosis independent

of Bax and Bak

Tumour cells deficient in both Bax and Bak are protected against

mitochondria-mediated apoptosis induced by many chemother-
� 2012 EMBO Molecular Medicine
apeutic drugs, for instance etoposide, cisplatin or adriamycin

(e.g. LeBlanc et al, 2002; McCurrach et al, 1997). Therefore, the

often-observed deficiency of Bax and Bak in tumour cells (Ionov

et al, 2000; LeBlanc et al, 2002; McCurrach et al, 1997; Meijerink

et al, 1998; Wang et al, 2001) is a clinically relevant problem,

and drugs inducing cell death downstream of Bax and Bakmight

offer novel treatment options for chemotherapeutic drug-

resistant malignancies. We have previously shown that Kv1.3
EMBO Mol Med 4, 577–593 www.embomolmed.org
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is inhibited by Bax and contributes to a series of apoptotic events

at the level of mitochondria (Szabò et al, 2008; Szabò et al,

2011). If the inhibition of mitochondrial Kv1.3 is a critical step

for the induction of apoptosis, it should be possible to induce cell

death in Bax/Bak-double knock-out cells by treatment with

Psora-4, PAP-1 or clofazimine. In support of this idea, the three

drugs efficiently induced apoptosis in Bax/Bak-double deficient

human Jurkat leukemic T cells (Han et al, 2004) (Fig 7A) as well

as in Bax/Bak-double knock-out murine embryonic fibroblasts

(MEF DKO) (Scorrano et al, 2003) (Fig 7E and F). In contrast,

Bax/Bak-deficient cells were resistant to staurosporine (Fig 7A

and E), consistent with previous data. Control experiments

confirmed that, as in human Jurkat leukemic T cells (Szabò et al,

2005), MEF DKO cells express Kv1.3 in their mitochondria

(Supporting Information Fig S5A). Killing of Bax/Bak-deficient

Jurkat cells by Kv1.3 inhibitors required expression of the Kv1.3

channel, since siRNA-mediated channel ablation (Fig 7B and C)

prevented drug-induced apoptosis (Fig 7D). In Bax/Bak-double

deficient human Jurkat leukemic T cells both drug-induced cell

death (Fig 7A) and mitochondrial membrane potential changes

(Supporting Information Fig S4B) were prevented by application

of Cyclosporin A, an inhibitor of the permeability transition pore

(PTP). Since UV-induced oxidative stress has been reported to

induce autophagic death in MEF DKO cells (Buytaert et al,

2006a,b), we have investigated whether autophagy takes place

in these cells treated with the Kv1.3 inhibitors used here.

Conversion of the microtubule-associated protein light-chain C

LC3 I (apparent mobility 18 kDa) into the autophagosome

membrane-associated LC3 II form (apparent mobility 16 kDa)

can be used to monitor autophagic activity (Mizushima et al,

2010). This conversion could be observed in DKO MEF cells

treated with membrane-permeant Kv1.3 inhibitors, suggesting

that activation of autophagy occurred to some extent (Support-

ing Information Fig S5B). However, DKO cells died to the same

extent upon treatment with the drugs in the presence or absence

of inhibitors of autophagy (Mizushima et al, 2010), indicating

that this process did not contribute importantly to the death

process observed (Supporting Information Fig S5C).

Kv1.3 inhibitors prevent melanoma growth in vivo

To test the significance of Kv1.3 inhibition-mediated apoptosis of

tumour cells in vivo, we established a melanoma model by

injecting 50,000 B16F10 melanoma cells subcutaneously into

syngenic C57BL/6 mice. The tumour was allowed to establish

and to grow for 5 days, after which, treatment was initiated with

intraperitoneally injected clofazimine (5mg/g mouse) at days 5,

7, 9 and 11 post-tumour injection. Clofazimine was chosen for

these experiments due to its high efficacy in the in vitro

experiments and its established clinical use (see Introduction

Section). The tumours were removed at day 16. Analysis of the

tumour size revealed a 90% reduction by clofazimine (Fig 8A and

B). Control Western blots of the excised tumours displayed an

expression of Kv1.3 comparable to that of cultured B16F10 cells

(Fig 8C). Histological and TdT-mediated 20-deoxyuridine, 50-

triphosphate (dUTP) nick end labelling (assay) (TUNEL)

examination of the brain, heart, lungs, small intestine, kidney,

liver and spleen from clofazimine treated animals revealed no
www.embomolmed.org EMBO Mol Med 4, 577–593
gross abnormalities and cell death in these organs with respect to

untreated ones (Fig 8D and E). In addition, we compared the

effects of clofazimine with the membrane-impermeant Kv1.3

blocker MgTx. MgTx blocks proliferation of various cell types

(Cahalan & Chandy, 2009) including lung adenocarcinoma (Jang

et al, 2011). Administration of 50-times higher (taking into

account the IC50 values) Kv1.3-inhibitory dose of MgTx with

respect to clofazimine, reduced the tumour volume to

1.4� 0.3 cm3 (n¼ 6). In the same experimental setup, clofazi-

mine reduced the tumour volume to 0.3� 0.16 cm3 (n¼ 8).

Clofazimine may exert a larger tumour-reducing effect than

MgTX because it blocks both plasma membrane and mitochon-

drial Kv1.3. However, differences in the pharmacokinetics of the

two blockers might also contribute to their differences in efficacy.
DISCUSSION

The results presented here indicate that three cell-permeant

inhibitors of Kv1.3—PAP-1, Psora-4 and clofazimine—induce

apoptosis in a panel of normal and tumour cells. We provide

several lines of evidence that these inhibitors specifically target

Kv1.3 to mediate apoptosis. Mouse CTLL-2 cells lacking Kv1.3

are resistant to PAP-1, Psora-4 and clofazimine and re-

transfection of Kv1.3 to levels that are similar, or even lower,

than in normal T lymphocytes restores sensitivity of these cells

to the drugs. Moreover, siRNA-mediated down-regulation of

Kv1.3 in human WT or Bax/Bak-deficient Jurkat leukemic T

cells as well as in B16F10 melanoma cells prevents cell death

induced by PAP-1, Psora-4 and clofazimine. In contrast, non-

permeant Kv1.3 inhibitors such as MgTx, ShK or ChTx are

unable to trigger death, in accordance with previous reports

(Szabò et al, 1996; Jang et al, 2011). These data prove that

intracellular (most likely mitochondrial) Kv1.3 is required for

the induction of cell death by these inhibitors. We have

previously shown in isolated mitochondria that inhibition of

Kv1.3 results in the induction of mitochondrial changes that are

typical for apoptosis including release of cytochrome c and

mitochondrial depolarization. We have also shown that Bax

binds to the pore of Kv1.3, subsequently resulting in the

inhibition of Kv1.3 activity in isolated mitochondria. We

proposed a model in which Lysine128 of Bax, like conserved

Lysine-28 in MgTx, binds to the vestibule of the channel pore,

inhibits the channel and triggers cell death (Szabò et al, 2008).

Although acting at different regions of the channel than Bax and

MgTx (Cahalan & Chandy, 2009), PAP-1, Psora-4 and

clofazimine also inhibit Kv1.3 and induce cytochrome c release

and mitochondrial membrane depolarization.

This model suggested that Kv1.3 inhibitors may be able to kill

cells independently of Bax or Bak by promoting cytochrome c

release downstream of the permeability transition or by other

pathways such as VDAColigomers. This predictionwas confirmed

in the present study using two genetically Bax/Bak-deficient cell

lines, i.e. Bax/Bak-deficient human Jurkat leukemic T cells and

MEF DKO. While these cells were resistant to staurosporine, they

remained sensitive to PAP-1, Psora-4 and clofazimine and

underwent apoptosis after treatment with these drugs.
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Figure 7.
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The observation that PAP-1, Psora 4 and clofazimine trigger

death independently of Bax and Bak underscores the potential of

these drugs for use in tumour therapy. Bax and Bak are involved

in the action of many chemotherapeutic agents including

etoposide, cisplatin and adriamycin to name a few, and

therefore, deficiency of Bax and Bak in tumour cells results

in resistance to chemotherapy (e.g. LeBlanc et al, 2002;

McCurrach et al, 1997). Thus, much effort is invested in

identifying stimuli able to induce the intrinsic pathway of cell

death in the absence of functional Bax/Bak. We demonstrate

that PAP-1, Psora-4 and clofazimine induce apoptosis, in a

Kv1.3-dependent and a Bax/Bak-independent way, in three

cancer cell lines expressing mitoKv1.3. Moreover, we show that

clofazimine effectively suppresses the in vivo growth of a

transplanted mouse melanoma. Therefore, the present data

provide a novel approach and specify a lead substance for the

development of drugs that induce apoptosis independently of

Bax and Bak.

Our in vivo data demonstrating that clofazimine prevents

tumour growth raises the question as to why normal tissues that

express mitoKv1.3, although generally at low levels (Bielanska

et al, 2009), do not die after application of the membrane-

permeant Kv1.3 inhibitor. PAP-1 has an excellent safety profile

in rodents and monkeys (Pereira et al, 2007), and clofazimine

has been shown to be safe in humans (Ren et al, 2008).

Furthermore, in our study, clofazimine treatment did not induce

histologically detectable changes in the brain, heart, lungs,

small intestine, kidney, liver and spleen and, thus, appears to be

non-toxic. Further, we did not detect a gross deletion of

lymphocytes in clofazimine-treated mice, although the effect of

the drug on lymphocyte sub-populations still requires defini-

tion. It may be relevant that channel protein expression does not

necessarily correspond to the presence of functional channels in

the mitochondrial or plasmamembranes, as Kv1.3 may undergo

several post-translational, activity-inhibiting (e.g. Cahalan &

Chandy, 2009; Szabò et al, 1996) modifications. Also, channel

activity is modulated by several factors including pH, tempera-

ture, calcium concentration and ROS (Cahalan & Chandy, 2009).

The relatively high specificity of clofazimine for tumour cells

might be explained by alterations of mitochondrial metabolism.

For instance, some tumour cells may exhibit increased

formation of ROS in mitochondria (e.g. Konstantinov et al,

1987; Szatrowski & Nathan, 1991; Zhou et al, 2003), or express

decreased concentrations of ROS scavengers such as superoxide
Figure 7. Membrane-permeant Kv1.3 inhibitors induce death in Bax/Bak-defi

A. Bax/Bak-deficient human Jurkat leukemic T cells are resistant to apoptosis i

(each 20mMPsora-4 or PAP-1; each 1mMclofazimine, ShK or staurosporine;

with Cyclosporine A (CsA; 4mM for 30min) blocking the permeability transit

B–D. Bax/Bak-deficient human Jurkat leukemic T cells were electroporated with

described in the experimental section. After 48 h the cells were treated as ind

shown to evaluate siRNA transfection and protein expression, respectively

results are representative for three independent studies. (D) Cell death was m

average percentages of cell death� SD (n¼ 3; ��p<0.01).

E,F. MTT assays (E) and TUNEL (F) on wildtype and Bax/Bak-deficient DKO MEFs

Bak expression (doses as in panel A). Apoptosis was confirmed also by Annexin

percentages of cell survival� SD compared to untreated samples (n¼3; ��
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dismutase (Oberley et al, 1978; Van Driel et al, 1997). The

increased ROS formation in tumour cell mitochondria seems to

be caused by the action of oncogenes, mitochondrial gene

mutations and the influence of cytokines in the microenviron-

ment of the tumour (e.g. Pellicano et al, 2004). A constitutional

increase in ROS concentration might sensitize tumour cells to

inhibitors of Kv1.3, which trigger further ROS release (Figs 5A

and S4A; Gulbins et al, 2010). Thus, a low concentration of ROS,

or its efficient elimination in normal cells may protect these cells

from the effects of Kv1.3 blockers. This would be in contrast to

tumour cells, or to ex vivo cells prone to die such as cultured

mouse lymphocytes, where treatment with Kv1.3 inhibitors may

induce the release of additional ROS and result in apoptosis.

This scenario would help to explain our findings and also

provide a rationale to further develop Kv1.3 inhibitors as drugs

that specifically target tumour cells independent of Bax and Bak.

The concentrations of Psora-4 and PAP-1 required for the

induction of cell death (EC50 12mM) are higher than those found

to inhibit Kv1.3 in electrophysiological experiments: PAP-1 at

100 nM and Psora-4 at 50 nM are sufficient to completely block

the Kv1.3 current in the plasmamembrane and can suppress

human T cell proliferation (EC50 600 nM) (Schmitz et al, 2005;

Vennekamp et al, 2004). Our previous patch clamp experiments

revealed that 30 nM Psora-4 was sufficient to block mitoKv1.3

activity in mitoplasts as well as to induce DC changes and the

release of cytochrome c from isolated mitochondria (Szabò et al,

2008). The requirement of higher concentrations to induce

apoptotic changes when working with intact cells can be

explained by a number of factors. The drugs are obviously

exported by MDR proteins, and clofazimine may be more

effective at lower concentrations due to its inhibitory action on

both Kv1.3 andMDRs (Van Rensburg et al, 1998). Other reasons

include the likely sequestration of these lipophilic drugs (log p

values for PAP-1, Psora-4 and clofazimine are 4.03, 4.33 and

7.06, respectively) by cellular structures, in particular mem-

branes. Therefore, the effective concentration of these drugs

reaching the mitochondrial membrane may be significantly less

than that added to the cell culture. Since the presence of 160mM

Kþ on the external side of cloned Kv1.3 reduces the potency of

PAP-1 tenfold (Schmitz et al, 2005), mitoKv1.3, whose vestibule

is exposed to high cytoplasmic potassium, may be less sensitive

to PAP-1 blockade. Regardless, our data unambiguously show

an involvement of Kv1.3 in apoptosis mediated by these drugs

because cells lacking or expressing reduced levels of Kv1.3 are
cient human Jurkat leukemic T cells and Murine Embryonic Fibroblasts.

nduced by staurosporine, but are sensitive to Psora-4, PAP-1 and clofazimine

MDRi: 4mMCSHþ100mMProb.). These effects are abolished by preincubation

ion pore (lower row). Average % of cell death� SD is shown (n¼3; ��p<0.01).

either Alexa-555 labelled siRNA control (scramble) or siRNA against Kv1.3 as

icated in panel A for 24 h. Alexa-555 fluorescence (B) and Western blot (C) are

(100mg/lane of total extract). Anti-GAPDH was used as loading control. The

easured by FACS analysis after FITC-Annexin-V staining. In the plots are shown

indicate that permeant Kv1.3 inhibitors induce death independent of Bax and

-V staining, giving the same results (data not shown). Shown is themean of the

p< 0.01, ���p< 0.001).
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Figure 8. Clofazimine reduces tumour size in an orthotopicmelanomamodel in vivo.B16F10melanoma cells were injected subcutaneously. On post-injection

day five, mice were treated with intraperitoneal clofazimine at a dose of 5mg/g. This was repeated on days 7, 9 and 11 post-tumour cell injection.

A. Mean� SD of the volume of the tumours after 16 days of growth in untreated (n¼8) and treated (n¼ 8) mice (��p< 0.01).

B. Representative tumours.

C. Cultured B16F10 cells or B16F10 melanoma were lysed, separated by 7.5% SDS–PAGE and Western blotted with anti-Kv1.3 antibodies. The results show

expression of Kv1.3 in B16F10 cells in vitro and an in vivo.

D,E. Haematoxylin/eosin (D) and TUNEL (E) staining from the brain, heart, lungs, small intestine, kidney, liver and spleen display no gross abnormalities in these

organs after clofazimine treatment. Displayed are representative histologies from each three independent studies.
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significantly less sensitive to apoptosis induced by PAP-1, Psora-

4 and clofazimine. The absence of death-inducing effects by

membrane impermeant inhibitors of Kv1.3, and the observation

that MDRis potentiated the effects of membrane-permeant Kv1.3
� 2012 EMBO Molecular Medicine
inhibitors, strongly indicate that PAP-1, Psora-4 and clofazimine

act on intracellular Kv1.3. Moreover, the observed changes of

the mitochondrial membrane potential upon incubation with

these drugs compellingly suggest involvement of the mitoKv1.3.
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Therefore, we propose that inhibition of mitoKv1.3 is sufficient

to induce intrinsic apoptosis.

Clofazimine, a riminophenazine compound, has been used in

the treatment of cutaneous lupus, pustular psoriasis, chronic graft-

versus-host disease and leprosy. Importantly, clofazimine has

been reported to reduce hepatocellular carcinoma growth by oral

administration (Ruff et al, 1998, but see Falkson & Falkson, 1999)

or by intratumoural injection during in vivo studies (Pourgholami

et al, 2004), but the mechanism was not investigated. It appears

that the riminophenazines mediate their anti-proliferative effects

at the level of the plasma membrane and/or the mitochondrial

membrane. It has previously been shown that clofazimine

activates cell membrane phospholipase A2, thus leading to the

generation of lysophosphatidylcholine, which is a potent

membrane-destabilizing agent capable of inducing cytotoxicity

(Van Rensburg et al, 1993). A related action may be the ability of

clofazimine to uncouple oxidative phosphorylation in the

mitochondrial membrane, thus drastically affecting energy

metabolism in tumour cells (Sri-Pathmanathan et al, 1994).

Given that we observed a slight effect of clofazimine on hallmark

apoptotic events in the Kv1.3-deficient CTLL-2 cells (see Fig 5A),

our results do not exclude that clofazimine acts in part via the

above-mentioned mechanisms in addition to initiating apoptosis

via Kv1.3 inhibition. However, our observation that in five

different cell lines of various origin clofazimine induces cell death,

while at the same time three different cell lines lacking Kv1.3 are

resistant to this drug, strongly argues that clofazimine mainly acts

via inhibition of Kv1.3. The membrane-impermeant Kv1.3

inhibitor MgTx, at the dose used here, can partially reduce

tumour volume, very likely by inhibition of cell proliferation,

which is known to depend on plasma-membrane Kv1.3 (Cahalan

& Chandy, 2009; Jang et al, 2011). Clofazimine, by acting on

proliferation via the plasma-membrane-located Kv1.3 and in

addition by inducing apoptosis via mitoKv1.3 is able to kill the

cells, even in the absence of Bax and Bak. Active killing of tumour

cells offers the perspective of a complete elimination of the cancer

which could not be achieved by reducing only proliferation.

In summary, our studies demonstrate that Kv1.3 inhibitors

are potent inducers of apoptosis in tumour cells expressing

mitoKv1.3, and that their mode of action is independent of Bax

and Bak. Our studies identify mitoKv1.3 as novel target for

chemotherapy and suggest a strategy to circumvent a common

resistance mechanism in tumour cells.
MATERIALS AND METHODS

Cells and drugs

Lymphocytes (Jurkat, CTLL-2, K562) were grown and stably transfected

as described in Szabò et al, 2005. Adherent cells (HEK293, SAOS-2,

MEF, B16F10) were grown in Dulbecco’s modified Eagle medium

(DMEM) under standard conditions (Sassi et al, 2010). Bax/Bak-

deficient human Jurkat leukemic T cells were a kind gift of Prof. H.

Rabinowich. These cells have the gene for Bax deleted and do not

express Bak (Han et al, 2004). Bax/Bak-deficient MEF DKO were kindly

provided by Prof. L. Scorrano. Lack of Bax and Bak expression in both

cell lines was confirmed by Western blot (not shown) and is further
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indicated by their resistance to staurosporine. All membrane-

permeant substances were strictly protected from UV sources, thus

avoiding the formation of photo-oxidation by-products, which have

previously been shown to induce apoptosis (Caffieri et al, 2007). All

drugs were dissolved in dimethyl sulphoxide (DMSO) (except MgTx and

ShK prepared in phosphate-buffer saline (PBS)) and diluted in DMEM.

The final concentration of DMSO was �0.5% in all assays.

Purification of mitochondria

Mitochondria from SAOS-2, MEF and B16F10 cells were purified by

differential centrifugation (Sassi et al, 2010). Briefly, approximately 80%

confluent cells from four 150-cm2 flasks were washed once with PBS,

detached by gentle scraping and spun down in a table centrifuge at

room temperature. The pellet was resuspended in sucrose/N-[tris(hy-

droxymethyl)methyl]-2-aminoethanesulfonic acid (TES) buffer (300mM

sucrose, 10mM TES, 0.5mM EGTA, pH 7.4). After standing for 30min

on ice, cells were lysed in a Dounce homogenizer, and the lysate was

centrifuged at 600�g for 10min at 48C. The pellet was again processed

in the same way to maximize recovery. The combined supernatants

were centrifuged once at 600�g, and the pellet was discarded. The

mitochondria-containing supernatant from the last step was centri-

fuged at 6000�g for 10min at 48C. The pellet was gently homogenized

and suspended in a small volume of TES buffer. A further purification

was obtained by centrifugation (8500�g, 10min, 48C) on a

discontinuous Percoll gradient (60, 30 and 18% Percoll in TES buffer).

The floating material was discarded, and the fraction at the lower

interface was collected and washed three times by centrifugation at

17,000�g for 5min. The final pellet was resuspended in TES buffer.

Western blot

Samples were dissolved in sample buffer and subjected to 8, 12 or 15%

SDS–polyacrylamide gel electrophoresis (SDS–PAGE) and transferred to a

polyvinyldifluoride (PVDF; Pall Corporation, Pensacola, FLA, USA)

membrane. Primary antibodies used were: anti-Bak NT rabbit polyclonal

(Upstate Biotechnology; cat. n. 06-536); anti-prohibitin mouse mono-

clonal (Lab Vision MS-261-P); anti-SERCA-2 ATPase mouse monoclonal

(Affinity BioReagents MA3-910); anti-PMCA (plasma membrane calcium

pump) ATPase mouse monoclonal (Affinity BioReagents MA3-914); anti-

caspase-3 rabbit monoclonal; anti-PARP monoclonal; polyclonal anti-

Kv1.3 (Alomone Labs APC-101), anti-Kv1.5 (Alamone Labs APC-004) and

an anti-Kv1.3 antibody described in Szabò et al (2005); monoclonal

mouse anti-cytochrome c antibody (clone 7H8.2C12, BD Biosciences

Pharmingen, San Diego, CA, USA); anti-PARP (Sigma P248); anti-

caspase-3 (Cell Signalling 8G10); anti-GAPDH (Millipore); anti-LC3

(Sigma L8918). Secondary antibodies (Calbiochem or Santa Cruz Inc.)

were horseradish peroxidase- or alkaline phosphatase-conjugated and

were used with chemiluminescence detection (Pierce) using film or

digital imaging by a Bio-Rad ChemiDoc XRS apparatus.

MTT assay

To determine cell growth/viability in adherent cells, we employed the

tetrazolium reduction (MTT) assay. To this end, adherent cells were

seeded in standard 96-well plates and allowed to grow in DMEM

(200ml) for 24 h. The growth medium was then replaced with phenol

red-free medium. Cells grown in suspension were seeded directly in a

medium without phenol red and treated immediately for 12 (CTLL-2

cells) or 24 h (all other cell lines). Four wells were used for each
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The paper explained

PROBLEM:

Tumour cells deficient in both Bax and Bak are protected against

mitochondria-mediated apoptosis induced by many che-

motherapeutic drugs. Therefore, the often-observed deficiency of

Bax and Bak in tumour cells is a clinically relevant problem, and

drugs inducing cell death downstream of Bax and Bakmight offer

novel treatment options for chemotherapeutic drug-resistant

malignancies.

RESULTS:

This study demonstrates that membrane-permeant Kv1.3

inhibitors are potent inducers of intrinsic apoptosis in tumour

cells expressing mitochondrial Kv1.3, and that their mode of

action is independent of Bax and Bak. Genetic deficiency or

siRNA-mediated down-regulation of Kv1.3 abrogated the effects

of the drugs. The potential value of Kv1.3 inhibitors as agents for

tumour-treatment is supported by in vivo studies demonstrating

that intraperitoneal injection of the membrane-permeant

inhibitor clofazimine greatly reduced tumour volume in a

mouse melanoma model, while healthy tissues were

unaffected.

IMPACT:

Our work thus identifies the specific targeting of mitoKv1.3 as a

novel pharmacological tool to induce apoptosis in tumour cells

independent of Bax and Bak and suggests a strategy to

circumvent a common resistancemechanism in tumour cells. The

good safety profile of these Kv1.3 inhibitors emphasizes their

potential for use in the treatment of malignant tumours.
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condition. After 12 or 24 h incubation with the indicated drugs 10%

CellTiter 961 AQUEOUS One solution (Promega) was added to each

well. After 1 h of colour development at 378C, absorbance at 490nm

was measured using a Packard Spectra Count 96-well plate reader.

FACS analysis

For the evaluation of apoptosis we plated cells (from 75,000 to

400,000 cells/well depending on cell line) in a 24- or 96-well plate.

Cells were treated for 12 or 24 h with the indicated drugs. After

treatment, CTLL-2 cells were harvested, washed with PBS, resuspended

in FACS buffer consisting of 10mM 4-(2-hydroxyethyl)-1-piperazi-

neethanesulfonic acid (HEPES), 135mM NaCl, 5mM CaCl2, pH 7.4.

The other cell lines were prepared in DMEM without serum and

phenol red. In both cases, cells were incubated with propidium iodide

and Annexin V-Fluos in the dark at 378C for 15min. Samples were

then immediately analyzed by using a Beckton Dickinson FACSanto II

flow cytometer (BD Biosciences) or a FACS-Calibur (l¼488 nm). Data

were processed using the BD VISTA software.

Release of cytochrome c

To detect the release of mitochondrial cytochrome c, CTLL-2 cells were

either left untreated or treated with Kv1.3 inhibitors for 12 h, washed

in cold HEPES/saline (H/S; 132mM NaCl, 20mM HEPES (pH 7.4),

5mM KCl, 1mM CaCl2, 0.7mM MgCl2, 0.8mM MgSO4), incubated for

30min at 48C in TES buffer and then Dounce-homogenized. Nuclei

and unbroken cells were pelleted by centrifugation for 5min at

600�g and 48C. Supernatants were centrifuged at 6000�g for 10min

at 48C. The supernatants were used to detect released cytochrome c

and the pellets were used to detect mitochondrial cytochrome c.

Proteins were separated on 15% SDS–PAGE, blotted onto a PVDF

membrane, and developed with the indicated antibodies.

Cytochrome c release in intact cells

Cells were washed in PBS, fixed in PBS-buffered 2% paraformaldehyde

(pH 7.3) for 10min, washed again and permeabilized for 5min with
� 2012 EMBO Molecular Medicine
0.1% Triton X-100. Cells were washed again and blocked with PBS/1%

FCS for 10min, washed and stained with Cy3-coupled anti-murine

anti-cytochrome c antibodies (clone 7H8.2C12, BD-Biosciences) for

45min at room temperature. Samples were washed 3-times in PBS

and incubated with FITC-labelled anti-hexokinase antibodies. After

intensive washing, confocal microscopy was performed.

PARP and caspase-3 cleavage; caspase activity assays

Cells were either left untreated or treated with Kv1.3 inhibitors for

12 h, washed in warm NaCl 0.9%, and lysed in a buffer consisting of

10mM Tris–HCl pH 7.5, 0.2M NaCl, 0.5% Triton X-100, 1mM

dithiothreitol (DTT), 2mM ethylenediaminetetraacetic acid (EDTA)

(Leanza et al, 2010). Particulate was removed by centrifugation for

10min at 19,000�g at 48C. The supernatant was used for Western

blot and caspase activities were measured using a colorimetric assay

system following the protocol described by the manufacturer

(Promega for caspase-3 [G7220], Millipore for caspases 8 [APT171]

and 9 [APT173]).

Fluorescence microscopy

Fluorescence imaging was performed using an Olympus IX71 micro-

scope with an MT20 light source, and Cell-R software. Phosphatidylser-

ine exposure was observed with the same apparatus after Annexin-V-

Fluos (Roche) binding, following vendor-suggested procedures.

siRNA

The sequences for the siRNA targeting human or murine Kv1.3 were

coupled to Alexa Fluo 555 (Quiagen). Transient transfection with

10mg siRNA per 4 million cells was performed by electroporation as

described in (Szabò et al, 2008).

Mitochondrial membrane potential measurements

and ROS production

A count of 800,000 cells were incubated either with 20 nM

tetramethyl rhodamine methyl ester (TMRM) or 1mM Mitosox for
EMBO Mol Med 4, 577–593 www.embomolmed.org
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20min in 0.5ml DMEM without serum and phenol red. Subsequently,

0.3ml of this mixture was added to a FACS tube containing 1.2ml of

DMEM without serum and phenol red. TMRM and Mitosox dilution

avoided further uptake of the probe into the mitochondria. Samples

were then analyzed by flow cytometry (FACSanto II, Becton Dickinson).

Where indicated, cells were pre-treated for 30min with 4mM

Cyclosporin A before addition of TMRM.

In vivo studies

In order to establish melanoma in vivo, B16F10 cells were grown to sub-

confluency in minimum essential medium (MEM; Invitrogen, Karlsruhe,

Germany) supplemented with 10mMHEPES (pH 7.4), 2mM L-glutamine,

1mM sodium pyruvate, 100mM non-essential amino acids, 100units/

ml penicillin and 100mg/ml streptomycin (all from Invitrogen). The cells

were detached with cell dissociation solution (Becton Dickinson,

Heidelberg, Germany), washed twice in PBS and 50,000 B16F10

melanoma cells in a volume of 50ml were subcutaneously injected into

the right flank of C57BL/6 mice. Treatment with clofazimine was initiated

at post-injection day 5 and repeated at days 7, 9 and 11. We

intraperitoneally injected 5mg/g clofazimine (IC50 for mouse Kv1.3:

470nM), which had been freshly dissolved at 2mg/ml in DMSO. Tumours

were removed 16 days after initiation and the size of the tumours were

measured with calipers. Volume was determined as the product of

length, width and height. Margatoxin (Sigma) (IC50: 110pM) was

injected intravenously at a dose of 0.05mg/g diluted in 100ml PBS with

identical post-injection day treatment regimen. Tumour volume was

evaluated as outlined above. All procedures performed on mice were

approved by the Animal Care and Use Committee of the Bezirksregierung

Duesseldorf, Germany. All efforts were made to minimize the number of

animals used and their suffering.

Western blotting of Kv1.3 in mouse flank tumours

At 16 days post-injection of B16F10 cells, untreated C57BL/6 mice

were sacrificed, underwent laparotomy and sternotomy, and were

immediately perfused via the right ventricle with 0.9% NaCl for 2min.

Tumours were removed and immediately shock-frozen in liquid

nitrogen. Tissues were homogenized and lysed in a lysis buffer

consisting of 0.1% SDS, 25mM HEPES, 0.5% deoxycholate, 0.1%

Triton X-100, 10mM EDTA, 10mM sodium pyrophosphate, 10mM

NaF, 125mM NaCl and 10mg/g aprotinin/leupeptin for 5min at 48C.

Insoluble material was removed by 10min centrifugation at 48C and

the supernatants were added to 5� SDS-sample buffer and boiled for

5min at 958C. Standardized aliquots of 10mg protein were separated

by 7.5% SDS–PAGE, blotted onto nitrocellulose and blocked with

starting block buffer (Pierce Biotechnology, Rockford, IL, USA) for

45min. Blots were incubated for 60min at room temperature with

anti-Kv1.3-antibodies, washed extensively in tris-buffered saline (TBS)

supplemented with 0.05% Tween 20 and incubated for 60min with

alkaline phosphatase coupled anti-rabbit antibodies (dilution

1:20,000; Santa Cruz Inc.). The membrane was washed again and

developed with the Tropix chemoluminescence system.

Histology and TUNEL assay

Untreated mice or those treated with clofazimine were sacrificed and

immediately perfused at low pressure via the right heart with 0.9%

NaCl for 2min followed by 4% paraformaldehyde for 10min. Organs,

including the brain, heart, lungs, small intestine, liver, kidney and
www.embomolmed.org EMBO Mol Med 4, 577–593
spleen, were then removed and further fixed in 4% paraformaldehyde

for 36 h. Tissue was serially dehydrated and embedded in paraffin for

sectioning at a thickness of 7mm. The sections were then dewaxed, re-

hydrated and incubated in 0.1M citrate buffer (pH 6.0) at 350W for

4min in a microwave. The samples were immediately cooled in PBS

and incubated with TMR- or FITC-coupled dUTP in the presence of

terminal deoxynucleotidyl-transferase (Roche Diagnostics) for 30min

at 378C. They were then placed in 708C PBS for 10min and

subsequently cooled. These sections were stained for 2min with

hematoxylin and washed with water prior to being mounted in

Mowiol and evaluated using a Leica TCS-SP2 microscope. Haematox-

ylin and eosin stainings were also performed with tissue prepared as

described above.

Statistics

Statistical analysis was performed by using analysis of variance

(ANOVA) or independent student t-test.
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