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ABSTRACT

Brain tumours are among the deadliest tumours being highly resistant to currently available therapies. The proliferative behaviour of gliomas is strongly influenced
by ion channel activity. Small-conductance calcium-activated potassium (SK/Kc,) channels are a family of ion channels that are associated with cell proliferation and
cell survival. A combined treatment of classical anti-cancer agents and pharmacological SK channel modulators has not been addressed yet. We used the gold-
derivative auranofin to induce cancer cell death by targeting thioredoxin reductases in combination with CyPPA to activate SK channels in neuro- and glioblastoma
cells. Combined treatment with auranofin and CyPPA induced massive mitochondrial damage and potentiated auranofin-induced toxicity in neuroblastoma cells in
vitro. In particular, mitochondrial integrity, respiration and associated energy generation were impaired. These findings were recapitulated in patient-derived
glioblastoma neurospheres yet not observed in non-cancerous HT22 cells. Taken together, integrating auranofin and SK channel openers to affect mitochondrial
health was identified as a promising strategy to increase the effectiveness of anti-cancer agents and potentially overcome resistance.

1. Introduction

Brain tumours, such as neuroblastomas in children and gliomas in
adults, are the most frequent and deadly primary brain tumours.
Neuroblastoma is a developmental tumour in children derived from the
embryonic neural crest. Currently, neuroblastoma is the primary cause
of death from paediatric cancer for children below the age of 5 years
[1,2]. Gliomas are primary brain tumours that arise from glial cells.
Based on their histopathological and genetic features, they are classified
into different pathological grades with grade IV or glioblastoma mul-
tiforme (GBM) being the most severe, proliferative, invasive and re-
sistant to current therapeutic strategies [3-5]. Major hallmarks of
cancer include impaired regulation of cell invasion, proliferation,
apoptosis or cell cycle control, which have also been linked to the ac-
tivity of ion channels [6-9]. Among ion channels, the identification and

characterization of calcium-activated potassium (Kc,) channels in tu-
mour cells has gained interest in the cancer field. Indeed, K¢, channel
subtypes have been found in grade IV glioma cells [10] and opening of
the large-conductance K¢, (BK) channel has been shown to induce cell
death in glioma cells [11,12]. Small-conductance K¢, (SK) channels,
that belong to the same family as the BK and intermediate-conductance
Kca (IK) channels, are associated with cell cycle progression, migration/
invasion, cell volume control and apoptosis [13,14]. SK channels are
expressed in several cancer cell types, such as human melanoma cells
and breast cancer cells, and have been implicated in processes related
to cancer cell survival [15,16].

In healthy brain cells, pharmacological SK channel activation with
CyPPA, led to a mild decrease in mitochondrial respiration and a
moderate increase in mitochondrial reactive oxygen species (ROS) [14].
The higher aerobic glycolytic activity of cancer cells drives their
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intracellular ROS production, resulting in a shift in redox balance,
which promotes mutations and metabolic adaptations that facilitate
extremely rapid tumour growth and cancer progression. When ROS
accumulation reaches such a high level, the cell is being exposed to
severe oxidative stress [17-20]. However, many cancer cells are
equipped with strong antioxidant defence mechanisms in order to adapt
to elevated ROS and to avoid apoptosis [21,22]. Despite the elevated
antioxidant defence mechanisms and high ROS levels in cancer cells, it
has been reported that these cells are vulnerable to further increases in
ROS levels [23,24]. Therefore, we hypothesize that SK channel acti-
vation might accelerate cell toxicity mediated by current therapies
aimed at increasing ROS levels. Indeed, current cancer treatments
aimed to further enhance intracellular and mitochondrial ROS pro-
duction have been proven as efficient approaches to induce the demise
of cancer cells. For example, compounds that target mitochondria
trigger overproduction of ROS, induce mitochondrial permeability
transition pore (mPTP) formation, depolarise mitochondrial trans-
membrane potential, and lead to cell death [25,26]. One type of ROS-
inducing compounds is the gold-derivative auranofin which can inhibit
both cytosolic and mitochondrial thioredoxin reductase (TrxR) [27].
The thioredoxin system, composed of thioredoxin (Trx), TrxR, and
NADPH, plays a critical role in regulating cellular redox homeostasis
[27,28]. In many tumour cells, TrxR is overexpressed which has been
implicated in the resistance of several human tumour cells against
chemotherapeutics [27,29,30]. Auranofin-induced cell death is medi-
ated by inhibiting the activity of both TrxR and glutathione peroxidase
(GPx) [31] that lead to high ROS levels in the cytosol and mitochondria,
cytochrome ¢ release, increased mitochondrial Bax, and ultimately to
cell death [32-34]. Auranofin was recently evaluated in clinical studies
for treating chronic lymphocytic leukemia, lung cancer and ovarian
cancer (see www.clinicaltrials.gov trial numbers NCT01419691,
NCTO01737502, NCT01747798, and NCT03456700).

To our knowledge, the combination treatment of auranofin and SK
channel modulation has not been reported for antitumour activity. The
similarity in terms of inducing cellular damage via ROS accumulation
prompted us to investigate the effect of combined treatment of aur-
anofin and CyPPA in brain cancer cells. Treatment based on reducing
cancer cells’ antioxidant defense with auranofin and SK channel acti-
vation was studied in neuroblastoma and glioblastoma cell lines as well
as in patient-derived GBM neurospheres. In addition, we studied whe-
ther adding a ROS inducer might damage non-cancerous HT22 cells. We
evaluated the effects of auranofin and CyPPA combination treatment on
mitochondrial integrity and cell death. We show that auranofin induces
cell death in a concentration-dependent manner, by affecting mi-
tochondrial integrity and respiration. SK channel activation potentiated
auranofin-induced toxicity, indicating that this combination treatment
may have efficacy in brain tumours.

2. Materials and methods
2.1. Cell culture

A neuroblastoma cell line (SK-N-AS), a glioblastoma U251 cell line
and a non-cancerous, immortalized neuronal cell line (HT22) were
studied. Cells were cultured in Dulbecco’s modified Eagle Medium
(DMEM high glucose; Gibco, Fisher Scientific, Landsmeer, the
Netherlands), supplemented with 10% fetal bovine serum (FBS; GE
Healthcare Life Sciences, Eindhoven, the Netherlands), 100U/mL pe-
nicillin, and 100 pg/mL streptomycin, thereafter termed complete
DMEM, at 37 °C and 5% CO». Complete DMEM was supplemented with
1% non-essential amino acids for SK-N-AS, 1% sodium pyruvate for
HT22 and Antibiotic-Antimycotic (1X) (Gibco Life Technologies, USA)
for U251 cells. HT22 and SK-N-AS cells were harvested using Trypsin/
EDTA, and neurospheres were dissociated by accutase (Sigma-Aldrich,
Zwijndrecht, the Netherlands). Penicillin, streptomycin, non-essential
amino acids, sodium pyruvate and Trypsin/EDTA are bought from
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Fisher Scientific. The passage number used in this study ranged be-
tween 300 and 350 for HT22 cells, 20-30 for U251 and 10-20 for SK-N-
AS and GBM neurospheres. HT22 cells were kindly provided by Prof.
Carsten Culmsee (University of Marburg, Germany). SK-N-AS cells were
obtained from ATCC (Manassas, VA, USA). U251 cells were kindly
provided by Dr Claudio Hetz (University of Chile).

For the generation of U251 spheroids, a 96-well plate was treated
with 1% w/v low melting point agarose (Cleaver Scientific, UK) solu-
tion in MEM (Gibco Life Technologies, USA) without FBS to generate a
low adhesion surface. After solidification of the agarose, 10.000 cells
plus 10 pg/mL collagen I (Gibco Life Technologies, USA) were added
per well. The plate was then centrifuged at 1000 rpm for 10 min and
maintained under standard cell culture conditions. After 5-7 days when
spheroids looked compact, showed a regular shape and defined borders,
they were transferred to a 12-well invasion plate. The invasion plate
was pre-treated with 1.25 mL of 2.2 mg/mL collagen I for 5 min, fol-
lowed by washing and embedding a collagen I gel matrix made of 2 mL
of 3 mg/mL collagen I supplemented with 250 pL of MEM-10X (Gibco
Life Technologies, USA) and 600 pL 0.1 M NaOH (Merck Millipore,
USA). The whole procedure was performed at ice-cold temperature,
including the materials. The media containing the treatment was
changed every 48 h.

The GBM neurospheres GG16 were generated from surgical left-
overs obtained from anonymous GBM patients, as described before
[35], after approval and following the ethical guidelines of the Medical
Ethics Review Committee (METC) of the University Medical Center
Groningen (UMCG). Cells were propagated as neurospheres in neural
stem cell medium, composed of Neurobasal A Medium (Gibco Life
Technologies, Bleiswijk, The Netherlands) supplemented with 2% B27
supplement (Gibco Life Technologies), 20 ng/mL EGF (R&D systems,
Abingdon, UK), 20 ng/mL bFGF (Merck-Millipore, Billerica, MA, USA),
1% penicillin, 1% streptomycin and 1% L-glutamine (Gibco Life Tech-
nologies). Cells were maintained at 37 °C and 5% CO.

When indicated, cells were treated with 1-Thio-B-D-glucopyranose
atotriethylphosphine  gold-2,3,4,6-tetraacetate  (Auranofin; Tocris
Bioscience, Bristol, UK) with concentrations ranging from 0.5 pM to
10 uM and with SK2/SK3 channel activator Cyclohexyl-[2-(3,5-di-
methyl-pyrazol-1-yl)-6-methyl-pyrimidin-4-yl]-amine (CyPPA; gener-
ated by the group of Prof. Dr. F. J. Dekker, University of Groningen) at a
concentration of 10-50 pM. All cell lines were regularly tested for
Mycoplasma contamination and the study was performed with
Mycoplasma free cells.

2.2. Cell viability assay

In HT22, SK-N-AS and U251 cells, cell viability was determined
based on metabolic activity using the 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide assay (MTT; Sigma-Aldrich, Zwijndrecht,
the Netherlands) as described [36]. The absorbance was measured with
the Synergy H1 Multi-Mode reader (Biotek, Winooski, Vermont, USA)
at 570 nm and 630 nm as a reference. Values of non-treated control
cells were normalized to 100% with which values of the treated cells
were compared. Data were collected from six wells per condition.

In GBM GG16 cells, cell viability was determined based on the 3-
(4,5-dimethylthiazol-2-y1)-5-(3-carbox-ymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium assay (MTS; Promega, Leiden, the
Netherlands). After addition of 20 uL/well of the CellTiter 96® AQueous
One Solution Reagent and incubation of 4 h at 37 °C and 5% COa,
absorbance was measured at 490 nm. The background absorbance of
cell-free wells was subtracted from every measurement and values of
non-treated control cells were normalized to 100% with which values of
the treated cells were compared. Data were collected from six wells per
condition.
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2.3. Cell death assay by AnnexinV/PI or PI

To study cell death, AnnexinV/PI (Fisher Scientific, Landsmeer, the
Netherlands) double staining was performed as described [37]. Flow
cytometric analysis was performed using the Cytoflex (Beckman
Coulter, Woerden, the Netherlands). AnnexinV , propidium iodide
(PD- and AnnexinV * PI positive cells were counted as dead cells. Data
were collected from 15 000 cells in triplicate per condition. Cell death
of U251 cells was evaluated using the ability of cells to exclude PI
(Fisher Scientific, USA). The level of PI incorporation was quantified in
a FACScan flow cytometer (Becton-Dickinson, San Jose, CA). PI-positive
subpopulations of U251 cells were considered dead. Experiments were
repeated at least three times with cells of independent cell passage
numbers.

2.4. Proliferation assay by crystal violet

Complementing PI measurement in U251 cells, a crystal violet assay
was performed. Following treatment, U251 cells were washed with
PBS-1X and stained with 0.5% crystal violet (Sigma-Aldrich, USA) in
20% methanol for 1 h. Then 200 uL. methanol was added to each well
and the absorbance was measured at 570 nm.

2.5. Measurement of mitochondrial parameters

Mitochondrial health was assessed through the use of different
stainings and subsequent flow cytometric analysis as described [2,4]
using the CytoFLEX (Beckman Coulter, Woerden, the Netherlands).
Rhodamine-2-acetoxymethylester dye (Rho2-AM, Abcam, Cambridge,
UK) was used for mitochondrial calcium, MitoSOX dye (Fisher Scien-
tific, Landsmeer, the Netherlands) for mitochondrial superoxides and
tetramethylrhodamine-ethyl ester (TMRE; Fisher Scientific, Landsmeer,
the Netherlands) for the mitochondrial membrane potential (Ayy,).
Data were recorded from 15,000 cells in triplicate per condition. Ex-
periments were repeated at least three times with cells of independent
cell passage numbers.

2.6. Seahorse XF analysis

To study effects on cell metabolism, Seahorse Extracellular Flux
Analysis was used. HT22 and SK-N-AS cells were seeded in Seahorse XF
96-well plates (Seahorse Biosystems, Agilent Technologies, Waldbronn,
Germany). Following treatment, the medium was removed and re-
placed by 180 pL assay medium containing 2 mM r-glutamine (Fisher
Scientific, Landsmeer, the Netherlands), 1 mM pyruvate and 25 mM
glucose (pH 7.35) and the plate was incubated for 1 h at 37 °C without
CO,. The Seahorse XF Biosystem was used to analyse oxygen con-
sumption rate (OCR) and extracellular acidification rate (ECAR). Three
baseline measurements (3 x min mix, 0 min delay, 3 min measure = 3/
0/3) were recorded, followed by by injection of 4 pM oligomycin (3/0/
3), 50 uM dinitrophenol (DNP) (3/0/3), 150 nM rotenone and 1 uM
Antimyein A, and 50 mM 2-deoxy-D-glucose (2-DG) (3/0/3) for HT22
cells and 2 pM oligomycin (3/0/3), 1 pM carbonyl cyanide-4-(tri-
fluoromethoxy) phenylhydrazone (FCCP) (3/0/3), 500 nM rotenone
and 1 uM Antimycin A, and 50 mM 2-deoxy-D-glucose (2-DG) (3/0/3)
for SK-N-AS cells. Substances oligomycin, DNP, rotenone, Antimycin A,
2-DG, pyruvate and glucose were bought from Sigma-Aldrich
(Zwijndrecht, the Netherlands) After injection of each compound, OCR
and ECAR were determined. Data were collected from six wells per
condition and normalized to protein content to correct for treatment
effects.

2.7. Measurement of soluble and lipid ROS

Soluble ROS were detected by H;DCFDA dye (Fisher Scientific,
Landsmeer, the Netherlands) and lipid peroxides were analysed by
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BODIPY dye (Fisher Scientific, Landsmeer, the Netherlands) as de-
scribed [2,4] using the CytoFLEX (Beckman Coulter, Woerden, the
Netherlands). Data were recorded from 15,000 cells in triplicate per
condition. Experiments were repeated at least three times with cells of
independent cell passage numbers.

2.8. Statistics

Statistical significance was assessed using one-way analysis of var-
iance (ANOVA) followed by Tukey’s comparison (GraphPad Prism 5.0)
unless otherwise stated. FACS experiments were repeated at least three
times with cells of independent cell passage numbers and contained at
least three technical replicates. MTT and Seahorse XF experiments were
also repeated at least three times with cells of independent cell passage
numbers, containing six technical replicates.

3. Results

3.1. SK channel activation potentiates auranofin-induced cell death in SK-
N-AS cells

First, analysed the effects of single auranofin (0.5-10 uM) treatment
on cell viability in neuroblastoma cell line SK-N-AS. As a control, the
neuronal hippocampal HT22 cell line was used. Auranofin reduced cell
viability in a dose-dependent manner during both 6 and 24 h in both
SK-N-AS and HT22 cells (Fig. 1B-E), as shown in an MTT assay. In-
terestingly, only 24 h was enough in SK-N-AS cells to lower 50% of cell
viability with 2 pM auranofin, while in HT22 this damage was achieved
in 6 h. However, MTT assay is primarily a measure for the metabolic
activity of the cells, only indirectly allowing for estimating cell viabi-
lity. Therefore, we also investigated cell morphology after 6 h of aur-
anofin exposure, and observed cell rounding and detachment, mor-
phological cell changes that suggested cytotoxicity, in both SK-N-AS
cells (Fig. 1A, upper panels) and HT22 cells (Fig. 1A, lower panels). In
addition, we checked cell death at 24 h following auranofin exposure by
AnnexinV/PI stainings and FACS analysis. SK-N-AS cells showed more
cell death compared to HT22 cells (Fig. 2B and C).

Next, we studied the combined effects of auranofin and SK channel
activation by CyPPA (10-50 uM) on cell viability in SK-N-AS and HT22
cells after 6 and 24 h by FACS analysis of AnnexinV/PI (Fig. 2A-C). As
shown before, auranofin significantly reduced cell viability compared
to controls. In contrast to our expectations based on cell morphology
and MTT assay, auranofin and the co-treatment with CyPPA did not
affect cell death in HT22 cells after 6 h (Fig. 2A). Prolonging auranofin
exposure to 24 h induced cell death, but there was no additional effect
on cell death by adding CyPPA treatment (Fig. 2B). In contrast, in SK-N-
AS cells, combined auranofin and CyPPA treatment led to a dose-de-
pendent increase in cell death (Fig. 2C). Annexin/PI analysis showed
that CyPPA alone had no impact on cell viability in HT22 cells in a
concentration range of 10-50 uM, while in SK-N-AS cells it reduced cell
viability at 50 pM which might explain the observation that CyPPA
potentiated the auranofin-induced cell death in neuroblastoma SK-N-AS
cells. These results suggest that SK channel activation potentiates aur-
anofin-induced toxicity in neuroblastoma SK-N-AS cells.

To test whether SK channel activation increased the auranofin
toxicity also in a human glioblastoma cell line, we applied the com-
bined treatment strategy in U251 cells. Auranofin (2 uM) treatment did
not affect the cellular viability of U251 cells after 24 h (see Fig. 2D) as
measured by MTT assay. Only the combined treatment of auranofin and
50 uM CyPPA showed a strong reduction without reaching statistical
significance. As shown in Fig. 2E, U251 cells treated for 24 h with
auranofin showed significantly decreased cell viability, as measured by
crystal violet assay. On the other hand, CyPPA alone was not affecting
cell proliferation at any concentration. Finally, combined treatment of
auranofin and CyPPA further decreased U251 cell viability. As shown in
Fig. 2F, neither auranofin nor CyPPA were able to induce cell death
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Fig. 1. Auranofin attenuates cell viability in SK-N-AS and HT22 cells. (A) Representative pictures of SK-N-AS and HT22 cells after 6 h auranofin treatment. Scale bar
represents 200 um. (B-E) MTT assay analysis of SK-N-AS and HT22 cells treated with different auranofin (shortened as ‘Aura’) concentrations (0.5-10 pM, 6 & 24 h,
n = 6). Data are presented as mean = SD; ""'p < 0.001, *compared to control.

alone, as shown by PI FACS measurements, a method used to comple- auranofin with high CyPPA concentrations (50 pM) induced more cell
ment the crystal violet assay, where the dead cells were eliminated death when compared to auranofin alone or combined with low CyPPA
during the procedure. Nevertheless, combined treatment of 2 pM concentrations (10 pM) (Fig. 2F). These data indicate that CyPPA
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significantly contributes to auranofin cytotoxicity in human glio-
blastoma cells.

3.2. Combined auranofin and CyPPA treatment promotes mitochondrial
damage in SK-N-AS cells

Several studies showed that auranofin mediated depolarisation of
the mitochondrial transmembrane potential (MMP), promoted the for-
mation of the mPTP and increased ROS levels [30-32]. Furthermore,
previous results from our lab indicated that SK channel activation alone
induced a mild increase in mitochondrial ROS and a slight decrease in
the MMP [38], suggesting that a combination of CyPPA and auranofin
might augment auranofin-induced mitochondrial damage. Therefore,
we next investigated the effect of 24 h auranofin (2 uM) in the presence
or absence of CyPPA (10 uM) on mitochondrial parameters typically
associated with oxidative dysbalance and mitochondrial dysfunction in
SK-N-AS cells.

It has been reported that auranofin increases mitochondrial calcium

0]
CyPPA [uM] 10
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Fig. 2. SK channel activation potentiates auranofin-
induced cell death in SK-N-AS and U251 cells. (A-C)
AnnexinV/PI fluorescence of SK-N-AS and HT22
cells treated with different CyPPA concentrations
(10-50 uM) in the presence or absence of auranofin
(2 puM, 6 h (A) or 24 h (B, C), n = 3). (D-F) U251
cells treated with different CyPPA concentrations
(10 and 50 uM) in the presence or absence of aur-
anofin (2 uM, 24 h). Cell viability is shown by MTT
assay (D), proliferation assay crystal violet (E) and
= PI fluorescence (F). Data are presented as

mean = SD,n = 6, *p < 0.05 ~“p < 0.001

compared to control, “p < 0.05, **p < 0.01,

###p < 0.001, compared to auranofin alone.
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50

U251

24h, P

+ Aura [2uM]
#H
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(mito[CaZ*]) levels, thereby promoting mPTP opening [34]. In our
study, mito[Ca®"] levels were mildly increased upon auranofin treat-
ment, and there was an additional effect of CyPPA (Fig. 3A). Next, we
tested mitochondrial ROS following auranofin treatment and detected
that auranofin alone slightly increased mitochondrial ROS levels in SK-
N-AS cells, an effect being potentiated by co-treatment of CyPPA
(Fig. 3B). We observed a decrease in MMP after auranofin treatment
that was even further reduced in combination with CyPPA (Fig. 3C).
Furthermore, levels of cytosolic ROS were increased in response to
auranofin (Fig. 4A). Cytosolic ROS induced by auranofin was further
increased when CyPPA was present (Fig. 4A). Similar to mitochondrial
ROS levels, auranofin increased general lipid peroxidation, a phenom-
enon that was potentiated by CyPPA (Fig. 4B). Pre-treatment with ROS
scavenger N-acetyl-L-cysteine (NAC) antagonized the cell damage
mediated by auranofin in both SK-N-AS cells and HT22 cells (Fig. 4D
and G).

In contrast, in HT22 cells, co-treatment with CyPPA prevented ac-
cumulation of mito[Ca“], mitochondrial ROS and lipid peroxidation
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###p < 0.001, *compared to control *compared to auranofin alone.

(Figs. 3D, E, 4F) compared with auranofin treatment alone, indicating a
milder CyPPA effect in neuronal HT22 cells compared to a detrimental
effect in neuroblastoma SK-N-AS cells. Cytosolic ROS levels and MMP
were similarly affected in both, SK-N-AS and HT22 (Figs. 3F and 4E)
cells, i.e., SK channel activation potentiated the auranofin-induced in-
crease in cytosolic ROS and further reduced MMP in the presence of
auranofin compared to auranofin treatment alone. Collectively, these
results suggest that SK channel activation potentiates auranofin-in-
duced mitochondrial dysfunction in neuroblastoma SK-N-AS cells.

3.3. The auranofin-induced decrease in mitochondrial respiration is
enhanced by SK channel activation

So far, we showed that SK-N-AS cells are vulnerable to cell death
and mitochondrial dysfunction induced by auranofin which was po-
tentiated by SK channel activation. In contrast, auranofin-mediated cell
death was not potentiated by the presence of CyPPA in HT22 cells.

Since SK channel activation decreases mitochondrial respiration, we
next studied this feature of CyPPA, together with auranofin, at the
functional level of mitochondrial respiration. To investigate this, we
treated both cell lines with auranofin with or without CyPPA and
measured mitochondrial bioenergetics using the Seahorse extracellular
flux technology. Regarding mitochondrial OCR values, in SK-N-AS cells,

there was a dose-dependent reduction in basal respiration following
auranofin treatment (Fig. 5A and B). Basal respiration was also reduced
in response to auranofin (2 uM) treatment in the presence of CyPPA
(10 uM) (Fig. 6). Auranofin alone had minor effects on basal respiration
in HT22 cells (Fig. 5D and E), but the addition of CyPPA reduced basal
respiration (Fig. 6D and E).

In both cell lines, auranofin reduced the maximal uncoupled re-
spiration, reflecting the maximum activity of the electron transport, in a
dose-dependent manner. However, in SK-N-AS cells, the maximal re-
spiration was highly reduced in the presence of auranofin compared to
auranofin-exposed HT22 cells (Fig. 5C and F), indicating that the sen-
sitivity of SK-N-AS to auranofin exposure was much higher compared to
HT22 cells. While mild effects on maximal respiration were evoked by
2 uM auranofin in HT22 cells, a four-fold lower concentration (0.5 pM)
of auranofin massively impaired maximal respiration in SK-N-AS cells.
The addition of CyPPA potentiated the reduction in maximal respiration
in the presence of auranofin in both SK-N-AS and HT22 cells, however
with a stronger effect in neuroblastoma SK-N-AS cells (Fig. 6A and C)
compared to neuronal HT22 cells (Fig. 6D and F). ECAR values changed
in response to high concentration of auranofin only in SK-N-AS cells and
CyPPA application had no additional effects in neither SK-N-AS (Fig. 5G
and H) nor HT22 cells (data not shown). Taken together, we showed
that CyPPA promoted the auranofin-induced decrease in mitochondrial



LE. Krabbendam, et al.

Biochemical Pharmacology 171 (2020) 113714

A B D _N-
100+ SK-N-AS 1007 SK-N-AS 150- SRS
3
80+ g 801 € + Aura [2uM]
3 e 8 S
T ® < 1004
2 5 60- 2 S 604 s "1
00 S @ s
SS 2T >
(= - = 40 4 =
w5 40 : a5 8 504
o £
20 =
@ 8
0] 0
Aura NAC [uM] - 10 50 100 - 10 50 100
CyPPA - + - + CyPPA
E F G
100 HT22 100 HT22 1501 HT22
o 804 8 _ 804 g
8w 52 & + Aura [2uM]
53 3T 51004 % -
8 - 604 ## E - 604 o HEE R
o Qo S 2 ® L
S8 =5 =
2 240 > o 404 =
u— o e E O E 50-
O A s
[a o= S
204 m 204 . %
_=la
0 0 = 0
Aura - -+ + Aura - - + NAC [uM] - 10 50 100 - 10 50 100
CyPPA - + - + CyPPA - + +

Fig. 4. Combination treatment of auranofin and CyPPA induces oxidative dysbalance. SK-N-AS cells and HT22 cells treated with auranofin (2 uM, 24 h or 6 h) in the
presence or absence of CyPPA (10 uM or 50 uM, n = 3) (A & E) cellular ROS (H.DCFDA, depicted as DCF) and (B & F) lipid peroxidation levels (Bodipy) were
determined by FACS analysis. (D & G) MTT assay of SK-N-AS and HT22 cells treated with different NAC (10-100 puM) concentrations in the presence or absence of
auranofin (2 uM), 24 h. Data are presented as mean + SD,n = 3-6; *p < 0.05, p < 0.01, p < 0.001, “"p < 0.01, "**p < 0.001, *compared to control

#compared to auranofin alone.

respiration. In line with our findings on mitochondrial damage, SK-N-
AS cells were more sensitive to auranofin treatment regarding the mi-
tochondrial metabolism compared with HT22 cells.

3.4. Combined auranofin and CyPPA application reduces cell invasiveness

3D spheroids recapitulate cellcell and cell-matrix interactions be-
tween tumour cells and the microenvironment [39], for what they had
become widely used for tumour growth drug screening [40]. In addi-
tion, 3D spheroids embedded in a matrix, allow studies of cellular in-
vasion and matrix remodeling [41]. Thus, to verify our findings, a 3D
invasion assay was performed using U251 spheres on a collagen matrix,
followed by treatment with auranofin and CyPPA. As observed in Fig. 7,
auranofin and CyPPA combination treatment for 7 days (168 h) com-
pletely inhibited the invasion abilities of U251 spheres, as compared to
non-treated controls. Similarly, 10 uM or 50 uM CyPPA treatment alone
for 7 days decreased invasiveness of cells. It is important to mention
that 2 uM auranofin in the absence or presence of CyPPA treatment at
short times (24 h and 48 h) already reduced the invasion (see Fig. 7B).
However, at the endpoint of 7 days all the treatments completely de-
creased the cellular invasiveness compared to control, and there were
no statistically significant differences between the treatments (Fig. 7C).

3.5. Patient-derived GBM neurospheres show increased auranofin
sensitivity upon SK channel activation

To extend our findings in SK-N-AS and U251 cells to generated
patient-derived GBM neurospheres, providing a cancer stem cell-en-
riched 3D model, we employed GG16 neurospheres. Similar to SK-N-AS
cells, GG16 cells expressed both SK2 and SK3 subtype of SK channels

(data not shown), while HT22 cells express only the SK2 subtype [42].
The neurospheres were treated with either auranofin alone or in com-
bination with CyPPA and cell viability was analysed. Auranofin dose-
dependently decreased cell viability over 24 h (Fig. 8A). However, no
additional effects of CyPPA were observed at this time point (Fig. 8B).
Prolonging the treatment to 48 h revealed additional damage by CyPPA
in the presence of auranofin (Fig. 8C). However, CyPPA itself did not
affect cell viability in neurospheres at 48 h. Morphological analysis of
the spheres and Annexin/PI double staining confirmed that auranofin-
induced cell death was potentiated by CyPPA co-treatment (Fig. 8D and
E). As shown by the images (Fig. 8E), auranofin treatment increased the
cell debris and the disintegration of neurosphere structure, which was
augmented by the presence of CyPPA. Together with our previous
findings on cell death in SK-N-AS and U251 cells, these results indicate
that patient-derived GBM neurospheres are sensitive to auranofin-in-
duced cell death that can be potentiated by activation of SK channels.

4. Discussion

Our findings demonstrate that auranofin-induced cell death is po-
tentiated by SK channel activation in different brain cancer models. SK
channel activation is well known to confer protection in different
models of brain damage in vitro and in vivo, including middle cerebral
artery occlusion [43,44]. However, little is known about its effect on
brain cancer development or progression. Recent studies showed that
potassium channels, in particular K¢, channels, can modulate mi-
tochondrial activity [38], and thus might potentiate the effects of anti-
cancer treatments through this mechanism. In this study, we found that
SK channel activation was able to increase auranofin-induced toxicity
in glio- and neuroblastoma/GBM cell lines, suggesting that targeting SK
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alone.

channels might augment the anti-cancer effects of current treatments.

Recently, it was shown that auranofin decreased the expression of
anti-apoptotic protein Bcl-2, and potentiated the expression of pro-
apoptotic proteins in cervical cancer Hela cells and hepatocellular
carcinoma Hep3B cells. Treatment with pan-caspase inhibitors sig-
nificantly prevented the loss of cell viability in both cell lines, sug-
gesting that auranofin induces caspase-dependent apoptosis [45,46].
Inhibition of caspases 8 and 9 was able to attenuate the auranofin-in-
duced cell death in HeLa cells [45]. In addition, auranofin increased the
expression of membrane-bound death receptors 4 and 5 in Hep3B cells
and the accumulation of truncated Bid [46]. Furthermore, auranofin
stimulated the release of lactate dehydrogenase in auranofin-treated
Hela cells [45]. Here, we could confirm that auranofin also induced cell
death in different brain cancer cell models, including neuroblastoma
SK-N-AS cells, glioblastoma U251 cells, GBM neurospheres and non-

cancerous hippocampal HT22 cells.

Next to Trx, glutathione (GSH) plays an essential role in the cellular
detoxification of ROS [47,48]. Activation of SK channels protects
against conditions of GSH deficiency, and oxidative toxicity in healthy
neurons [42,49]. Interestingly, many studies probed for inhibition of SK
channels to induce cytotoxic effects in different types of cancer. It was
found that knockdown of SK channels exerted cytotoxic effects in breast
cancer cells [16], and inhibition of SK channels by apamin significantly
improved performance in mice with neurofibromatosis [50]. Other
members of the K¢, channel family were also related to tumour inva-
sion, cell death and immunogenicity [11,51]. Here, we showed that SK
channel activation strengthened auranofin-induced toxicity in neuro-
blastoma, glioblastoma and GBM cells. Although CyPPA alone reduced
invasiveness in U251 spheres and showed reduced cell metabolic ac-
tivity according to the MTT assay in SK-N-AS cells, we found that
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CyPPA alone did not affect cell survival. However, the combination
with auranofin promoted apoptosis in both SK-N-AS cells and U251
cells. The combination therapy did not change compared to auranofin
monotherapy in HT22 cells, indicating no additional effects in non-
cancerous cells. These findings prompt us to conclude a benefit of
combination versus auranofin monotherapy in brain cancer cells.
Mitochondrial function is essential in the tumour capacity to invade
the surrounding tissues and its own survival. To better understand the
effects of the combinatorial approach of auranofin and SK channel ac-
tivation on mitochondrial integrity in SK-N-AS and HT22 cells, we in-
vestigated mitochondrial function. Different types of cancer cells are
found to be susceptible to changes in intracellular ROS and decreased
MMP [52,53]. Auranofin blocks TrxR activity, thereby impairing the
generation of antioxidants and increasing the levels of ROS. This in-
crease in ROS levels is associated with formation of mPTP and Ca®*-
dependent cell death [34]. In the present study, we observed an in-
crease in mito[Ca®*], loss of MMP, increased lipid peroxidation, mi-
tochondrial- and cytosolic ROS levels in both SK-N-AS and HT22 cells
following auranofin treatment. ROS generation is necessary for the
auranofin-induced apoptosis in Hep3B cells [46]. However, the capa-
city of auranofin to induce ROS is different in distinct cancer cell types.
While auranofin-induced oxidative stress is limited in THP-1 and Jurkat
T cells, ROS levels increased upon auranofin treatment in Hep3B cells
and MEC-1 cells [32,33,46,54]. Treatment with the antioxidant NAC
attenuated auranofin-induced cell death in HeLa cells, Hep3B cells,
MEC-1 and CCLs [32,46] and pre-treatment with NAC also completely
prevented auranofin-induced inactivation of TrxR in Hep3B cells. In our
study, pre-treatment with NAC partially reduced cell death induced by
auranofin in both SK-N-AS cells and HT22 cells, suggesting a role for
oxidative stress in auranofin toxicity. SK channel activation potentiated
all mitochondrial dysfunction parameters in SK-N-AS cells to toxic

levels following auranofin exposure, indicating that CyPPA as a com-
bination treatment promotes cancer cell death by enhancing mi-
tochondrial damage.

In contrast to SK-N-AS cells, SK channel activation protected HT22
cells from the increase in mitochondrial superoxides, mito[Ca®"] and
lipid peroxidation following auranofin exposure. SK channels have
often been shown to be protective in different conditions of Ca*"
dysregulation and oxidative stress [55-58], and in our previous studies
in HT22 cells, CyPPA decreased the uptake of mito[Ca®"] in conditions
of oxidative stress [38] and also following increased ER-mitochondria
contact sites [58]. The lack of apoptosis induction following auranofin
and CyPPA combination treatment in HT22 cells may stem from the
observed reduction in toxic ROS and mito[Ca?*]. Therefore, the dis-
tinct effect of combinatorial treatment in HT22 cells may reflect in
minimal side effects on non-cancerous cells.

Recent evidence suggests that SK channel activation by CyPPA and/
or overexpression of mitochondrial SK2 in mammalian cells attenuates
mitochondrial respiration [34]. In contrast, inhibition of the respiratory
chain by auranofin was only shown in yeast [59], but knowledge on the
metabolic effect of auranofin in brain cancer cells was lacking so far.
We found that auranofin blocked maximal respiration. Notably, SK-N-
AS cells revealed an increased sensitivity towards both, auranofin-
mediated and CyPPA-mediated impairment of basal and maximal mi-
tochondrial respiration compared to neuronal HT22 cells. In line, the
combination treatment evoked detrimental effects in SK-N-AS, but less
in HT22 cells. Especially maximal respiration was highly reduced in SK-
N-AS cells compared to HT22 cells. Therefore, the increased sensitivity
may contribute to the potentiation effect when auranofin and CyPPA
are combined in SK-N-AS cells but not in HT22 cells suggesting a po-
tential cell-type specificity in brain cancer cells.

To extend our data to a broader concept, we evaluated the effects of
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auranofin and SK channel activation in patient-derived GBM neuro-
spheres. We showed that auranofin was toxic to these neurospheres and
that again SK channel activation potentiated auranofin-induced cell
death. Increasing evidence indeed indicates a role for ROS-based
treatment for GBM tumours specifically, without affecting other cell
types in the brain [60,61]. Moreover, auranofin toxicity in GBM tu-
mours has been shown previously [62,63]. However in the present
study we show that it is possible to induce even more damage through
SK channel activation than with auranofin alone. The combination
therapy of auranofin and CyPPA could, therefore, represent a promising
approach for the treatment of GBM tumours, however, additional ex-
periments using GBM neurospheres derived from more patients are
necessary to be tested. Furthermore, proof-of-concept studies in animal
models will provide more insights into this new approach.

In conclusion, we show that SK channel activation potentiated
auranofin-induced cell death in neuroblastoma cells, glioblastoma cells,
and in GBM neurospheres. We conclude that cell death by auranofin
and SK channel activation in cancer cells involves ROS generation and
attenuated mitochondrial respiration. Therefore, CyPPA, as an addi-
tional component to auranofin monotherapy represents a promising

10

p < 0.0001; ns, not significant. Scale bar: 0.25 mm.

strategy for efficient brain tumour therapy.
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