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Final report, K119417, KCa1.1 channel expression and function in cancer  
 
The main goal of the project was to investigate the expression pattern of ancillary b subunits of the big 
conductance KCa1.1 potassium channel on various cancer cell types as well as to study whether changes 
in the expression of KCa1.1 subunits regulate the invasive and metastatic potential of cancer.  
The figure below summarizes our major achievements with more detailed description below: 
 

We have examined a 
known invasiveness 
factor of glioblastoma 
multiforme (GBM) cells, 
the KCa1.1 channel. Our 
results indicate that the 
β3 is the dominant 
auxiliary subunit 
associated with the 
channel. As this channel 
is more dominant in 
G2/M phase and is 
playing role in the 
chemosensitivity, we 
propose the KCa1.1 
channel as a supportive 
drug target in GBM 
chemotherapy. 

Specific aim 1: to determine if pathological KCa1.1 beta subunit phenotypes are associated with 
glioblastoma multiforme, prostate cancer and small cell lung cancer. 
1.1. We showed the presence of the KCa1.1 pore forming subunit in both in primary glioblastoma cells 
and in U-87 glioblastoma cell lines. This is supported by the presence of an intracellular free Ca2+ 
dependent current in the U-87 cells (Fig 1A), the characteristic current-voltage relationship in both cells 
types (Fig 1B) and the pharmacology of the current, i.e., very significant reduction of the whole-cell 
current in the presence of 1 uM paxilline, the inhibitor of the KCa1.1 channel (Fig 1 D and E). The 
expression KCa1.1 in primary glioblastoma was confirmed using confocal microscopy (Fig. 1 C). 

 
Figure 1. The main ion 
channel in glioblastoma cell 
membrane is KCa1.1 

A) Current density-voltage 
relationship of whole-cell 
currents in primary 
glioblastoma cells. Current 
densities (J, pA/pF) at the 
indicated membrane 
potentials were calculated by 
dividing the peak current by 
the cell membrane 
capacitance. Data were 
obtained with intracellular 
solutions containing zero 
Ca2+ (n=11) or 1 µM Ca2+ 

(n=5). B) Current density-
voltage relationship of 
whole-cell currents in 
primary glioblastoma cells 
(GBM, orange, n=5) and in 

the U-87 MG glioblastoma cell line (U-87, green, n=5). C) Confocal microscopy images of a primary GBM cell. 
GFAP (top left) was labeled with anti-mouse Alexa 555, the KCa1.1 alpha subunit was labeled with anti-rabbit Alexa 
647, the overlay of the two images is in the top right. The bottom right panel depicts the punctate staining pattern of 
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KCa1.1 with higher magnification. D) Representative whole-cell current traces in a primary glioblastoma cell (GBM, 
left) and in an U-87 cell. Currents were evoked by repeated depolarizations to +100 mV from a holding potential of 
-100 mV (see voltage pulse on the top) in control extracellular solution (black) and upon reaching equilibrium block 
in the presence of 1 µM paxilline application (red). E) Remaining current fractions (RCF=I/I0 were I0 and I are the 
peak currents in the absence and in the presence of the inhibitor, respectively) of the outward currents in primary 
glioblastoma (GBM) and U-87 cells in the presence of 1 µM paxilline. Black symbols indicate RCF values obtained 
in individual cells. Throughout the figure data points (or bar heights) are mean ± SEM for the indicated number of 
experiments.  

 
1.2 We showed that KCa1.1 β3 is the main auxiliary subunit associated to the channel in glioblastoma. 
This statement is supported by the following lines of evidence: we demonstrated that arachidonic acid 
(AA) activates the current in both primary glioblastoma and U87 cells, which point indicate that KCa1.1 
is assembled with the β2 or β3 subunits (Fig 2B), the presence of the lithocholic acid-sensitive β1-
complexed channel is seen in U-87 cell only (Fig 2A). The lack of inactivation of the whole-cell current 
eliminates the presence of β2-complexed KCa1.1 (Fig. 2 C) and the sensitivity of the whole -cell current 
to Iberiotoxin (IbTx) eliminates the presence of the β4 subunits in the complex (this subunit would 
otherwise impede toxin binding to the channel, Fig 2D). The dominant presence of the β3 subunit 
transcripts was shown using PCR (Fig 3A). We also showed using siRNA methods that silencing β1, β2 
or β3 subunit expression separately (Fig 3B) resulted in AA and LCA sensitivities of the currents that 
are consistent with β3 subunit expression: the currents responses to activators were insensitive to 
silencing β1 or β2, however, β3 silencing markedly reduced the response of the whole-cell currents to 
AA (Fig 3C-E).  
 

Figure 2. Pharmacological modulators 
affect β subunit associated KCa1.1 
channels in glioblastoma. 
A) The effect of lithocholic acid (LCA, 
75 µM) on primary GBM (orange bar, 
n=16) and U-87 MG cells (green bar, 
n=16). The current recorded during LCA 
application was normalized to the 
current recorded with control solution 
(dotted line). B) The effect of 
arachidonic acid (AA, 30 µM) on primary 
GBM (orange bar, n=14) and U-87 MG 
(green bar n=16) cells. The current 
recorded during AA application was 
normalized to the current recorded with 
control solution (dotted line). C) 
Channel inactivation in a 100 ms time 
interval was determined by the current 
ratio It1/It0, where t0 was the current 
amplitude at the beginning (20 ms after 
voltage pulse), and t1 was the current 
amplitude at the end of the 100 ms time 
interval. for primary GBM cells (orange, 
n=33) and for U-87 cells (green bar, 
n=19) D) The effect of iberiotoxin 
(IbTx, 23 nM, purple bar, n=8) and 
paxilline (Pax, 1 µM, red bar, n=13) on 
the KCa1.1 current in primary GBM and 
in U-87 cells. Black symbols indicate 
remaining current fraction (RCF) values 
obtained in individual cells. RCF is 
defined in the text and in the legend to 
Fig. 1. Data represent mean ± SEM, 
**p<0.01, ***p<0.001  
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Figure 3. Gene silencing confirms 
dominant KCa1.1 β3 subunit expression 
in U-87 GBM.  
A) Results of qPCR experiments 
assessing the relative expression of the 
beta subunits (black bar) in the U-87 
MG cell line. β1, β2 and β3 mRNA levels 
divided by the expression of the KCa1.1 
channel a-subunit are represented with 
green, blue and purple bars respectively 
(N=3, n=3). B) Western blot of the 
untreated and gene silenced U-87 cells. 
The populations were tested in 
duplicate, the left two lanes are the 
untreated U-87 cells and the right two 
lanes are CHO cells.  The middle lane 
pairs are for the KCNMB1, KCNMB2 
and KCNMB3 silenced populations, 
from top to bottom, respectively.  The 
thick band in the top box at 42 kDa 
corresponds to actin and the 22 kDa 
marker to KCNMB1. In the second box 
(middle) the KCNMB2 bands are shown 
(27 kDa marker), and in the third box 

(bottom) the KCNMB3 band are shown (31 kDa marker). (C to E) Pharmacological studies after gene silencing 
(NSilence=3). Whole-cell currents were recorded as in Fig1D, peak currents were measured and normalized peak current 
was calculated as in Fig 2A and B. C) Effect of 75 μM LCA on control scrambled siRNA (dark green bar, n=8) and 
on KCNMB1 siRNA transfected (light green bar, n=8) U-87 MG cells. D) Effect of 30 μM AA on the KCNMB2 
(light blue bar, n=6), and E) on the KCNMB3 siRNA treated cells (light purple bar, n=6), compared to the scrambled 
siRNA transfected groups (dark blue and dark purple bars respectively, n=7). Throughout the figure, bar heights are 
mean ± SEM for the indicated number of experiments, *p<0.05 
 
We used our expertise gained this study to determine the explore arachidonic-acid sensitive ion channels 
in other cells as well, e.g. mesenchymal stem cells with significant KCa1.1 expression to gain knowledge 
about the pleiotropic effects of arachidonic-acid treatment. (Meszaros et al, Sci. Rep, 2020). Moreover, 
we investigated the mRNA expression of KCa1.1 β subunits on the prostate cancer cell line PC-3, where 
we found marked expression of β1 as well as expression of β3. On these cells, we only found KCa1.1 
expression without any signs of chloride or sodium channels. Interestingly, the pharmacological 
evaluation of the whole cell currents indicates a potassium channel phenotype similar to the U87-MG 
cell line. 
 
Specific aim 2: To study if changes in KCa1.1  a and b subunit expression regulate cancer invasion 
and metastatic potential 
This part of the project aims to describe the functional role of KCa1.1 and its auxiliary β subunits in the 
migration, invasion and Ca2+ signaling of cancer cells.  
2.1 First, we established that KCa1.1 is a key determinant in regulating Ca2+ signaling in glioblastoma 
and showed, that the carbachol-induced Ca2+ signal in U-87 was sensitive to the inhibition of KCa1.1 
by paxilline (Fig 4 A,B). The pharmacological evidence was supported by gene silencing ones, i.e., 
siRNA mediated silencing of the KCa1.1 gene (KCNMA1) resulted in an impaired Ca2+ response to 
carbachol.  More interestingly, silencing of the gene encoding the β3 subunit (KCNMB3) resulted in 
reduction of the peak Ca2+ responses comparable to silencing of KCa1.1 itself. This indicates the primary 
role of KCa1.1 and its β3 subunit in the regulation of Ca2+ signaling induced by carbachol. As an 
additional benefit, the technical development in this project (building and learning Ca2+ imaging using 
the Visitron system) was also used by Vörös et al. (Vörös et al, Int. J. Mol.Sci, 2021) to gain insight 
into Ca2+ signaling in T cells.  
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Fig. 4. KCa1.1 b3 is involved in the Ca2+-
response of U87-MG cells 
 A) Representative intracellular Ca2+ 
measurements, where F340/F380 ratio is 
directly proportional to the intracellular 
Ca2+ concentration. Dotted line shows start 
of carbachol. superfusion after 2 min 
superfusion with control [(left panel: black 
line, 0.1% DMSO in 10 µM carbachol-
containing solution, N=5, n=120); or in 
combination with paxilline (right panel: red 
line, 10 µM carbachol + 1 µM paxilline, 
(N=5, n=91). B) Peak of the 10 µM 
carbachol-induced F340/F380 ratio (see A 
and B for details) of control superfused 
cells (n=59, N=3) and 1 µM paxilline-
treated cells (n=49, N=3). C) Carbachol-

elicited intracellular Ca2+ response of cells after silencing of GAPDH (green, siGAPDH, N=3, n=39 (F340/F380= 1.1 
± 0.06), KCa1.1 (purple, siKCNMA1, N=3, n=51 (F340/F380= 0.8 ± 0.04) and KCa1.1 beta 3 (black, siKCNMB3, N=3, 
n=30 (F340/F380= 0.9 ± 0.04)).  In C) and D) data are mean ± SEM for the indicated number of experiments, *p<0.05.  

2.2 As cytosolic Ca2+ fluctuates during the cell cycle, and K+ channels are expressed in a cell 
cycle-dependent manner, we aimed at testing whether the KCa1.1 β3 subunit regulates the cell 
cycle of glioblastoma cells. We generated non-synchronized, G0 synchronized (starvation-
induced, also labeled as G0/G1 as flow cytometry can identify this population) and M 
synchronized (arrested in M phase by colchicine treatment, also labeled as G2/M, based on flow 
cytometric identification) U-87 glioblastoma cells and studied the electrophysiological and 
pharmacological properties of the whole-cell currents using patch-clamp. Fig. 5A shows a 
marked increase in the magnitude of the whole-cell current in a representative M phase 
synchronized cell as compared to control (non-synchronized, untreated) and G0 synchronized 
one (Fig. 5A). As cell volume and cell surface are can also change during the cell cycle, we 
also determined peak current normalized to cells capacitance (current density, J) and showed 
that the J values are significantly larger in the M phase synchronized cells as compared to 
control and G0 phase synchronized ones at depolarized test potentials (Fig. 5B).  

Figure 5. KCa1.1, but not the β3 subunit shows 
cell cycle-dependent function 
A) Representative patch-clamp traces of the 
serum starved (red), colchicine-treated (orange) 
and untreated (blue) populations. Currents were 
recorded at +80 mV depolarizing pulse with 1 
µM free Ca2+ in the pipette-filling solution. B) 
Peak current density (J, pA/pF) as a function of 
membrane potential (mV) was calculated for 
n=18 control (blue), n=18 colchicine-treated 
(orange) and n=7 starving cells(red) C) Effect of 
1 μM paxilline on the whole cell currents in 
untreated (n=13), colchicine-treated (n=9) and 
starving cells (n=10).  Black symbols indicate 
RCF values obtained in individual cells, RCF was 
calculated as in Fig 1).  D) The effect of 30 μM 
AA on the normalized current in untreated 
(n=16), colchicine-treated (n=10) and starving 
cells (n=10). Bars indicate the current amplitude 
measured with AA superfusion normalized to 
the current amplitude measured with control 
solution. Throughout the figure data points (or 
bar heights) are mean ± SEM for the indicated 
number of experiments, *: p<0.05; **: p<0.01.  

C 
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Application of paxilline confirmed that the main component of the whole-cell currents is KCa1.1 (Fig. 
5C) in all studied phases of the cell cycle. On the other hand, the increase in the whole-cell current 
induced by 30 µM AA was similar in all groups (Fig. 5D). Together, these results indicate that KCa1.1 
function is increased after M phase synchronization, without alterations in the β3 subunit-dependent 
modulation in the K+ current.  
 
2.3 Motivated by our results that colchicine-synchronized U-87 MG have increased KCa1.1 current 
density, we wanted to exploit this phenotype by testing whether KCa1.1 inhibition potentiates 
temozolomide (TMZ) chemotherapy. We investigated the short-term effects of TMZ and the KCa1.1 
inhibitor separately or in combination over the first few hours of treatment (~6h) using time-lapse video 
microscopy, where we evaluated the migration of U-87 MG cells. As shown in Fig. 6A and 6B, we 
found that TMZ (500 µM) alone does not reduce the velocity of two-dimensional spontaneous cell 
migration over 6 h as compared to control. In contrast, paxilline alone and in combination with 
temozolomide reduced cell migration velocity similarly, by ≈ 50%.  Moreover, as Fig 6C and D shows 
paxilline has an additive effect to temozolomide in reducing the viability of U-87 MG cells, but his 
evolves over the course of days rather than hours. 

A) Migration trajectories of U-87 MG cells 
(black lines) over 6h treated with 0.1% 
DMSO (Ctrl), 500 µM temozolomide 
(TMZ), 10 µM paxilline (Pax) and 
combined 10 µM paxilline + 500 µM 
temozolomide (Pax+TMZ) treatment. 
Orange circle indicates the mean start-to-
end translocation. B) Scatter plot shows 
quantification of migration velocities 
(µm/min) of U-87 MG cells depicted in 
panel (A) (N=3, n=30). C) Representative 
phase-contrast microscopy images of U-87 
MG cells treated for 48h with 10 µM Pax 
and/or 1 mM TMZ, as indicated on the 
panels D) Cell viability was determined by 
sulforhodamine B (SRB) assay after 48 h by 
normalizing the SRB absorbance in the 
treatment group to the SRB absorbance 
upon control (Ctrl) treatment (N=4, n=32) 
after 48 h paxilline and/or temozolomide 
(N=4, n=15) treatment, *p< 0.05, 
***p<0.001, ****p<0.0001 
 

 

 
 
In summary, we found using molecular biology, patch-clamp electrophysiology and intracellular Ca2+ -
measurements that KCa1.1 β2 and β3 subunits are functionally expressed in GBM cells, independently 
from the cell cycle. We also found that the outward ionic currents were significantly higher in cells 
arrested in the cell cycle M phase by colchicine. Moreover, the KCa1.1 blocker paxilline potentiated the 
effect of chemotherapeutic agent, temozolomide. Based on these results, we propose a tissue specific 
inhibition of the KCa1.1 channel in combination with cell-cycle specific chemotherapy as an effective 
treatment for glioblastoma patients. 
As for regulation of the Ca2+ signaling by K+ channels, we have elaborated a novel model where 
the interplay of the ion channels leads to an oscillatory membrane potential response of non-
excitable cells (Papp et al, Int. J. Mol. Sci, 2020, Nagy et al, Biophys J, 2018). To facilitate 
pharmacological separation of ion channels with different subunit composition and identify 
more specific K+ channel inhibitors we tested various animal venoms and pure peptides 
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isolated/recombinantly expressed in cooperation with our foreign collaborators in Mexico and 
Australia (Krishnarjun et al, J. Struct. Biol, 2020; Luna-Ramirez et al, Mol. Pharmacol, 
2020; Jin et al, Ins. Biochem. Mol. Biol. 2020; Tajti et al, Biochem Pharmacol, 2020, 
Alvarado et al, Front. Pharmacol, 2021, Borrego et al, Pharmaceuticals, 2021, 
Krishnarjun et al, J. Struct. Biol, 2021, Reddair at al, Toxicon, 2021, Varga et al, Biologia 
Futura, 2021). Targeting KCa1.1 having different subunit stoichiometries might be possible 
with novel peptide inhibitors that have blocking mechanism that is different from the well-
known pore blocker or gating modifier peptides. We have made a very significant advance in 
this during the last year by describing a peptide inhibitor that induced block of the current by 
enhancing the inactivation of the ion channels. This paper has been published in cooperation 
with the Weitzman Institute in Israel (Karbat et al, PNAS, USA. 2019). Two of our papers 
regarding ion channel biophysics has contributed to the development of this new group of toxin 
inhibitors of ion channels, in which deep biophysics of ion channel gating and molecular 
interactions regulating gating were described (Szanto et al, J. Gen. Physiol, 2020, Szanto et 
al, J. Gen.Physiol, 2021). During the completion of the research project we also made very 
significant advance in establishing recombinant production of peptide toxins in my laboratory 
(Naseem et al, Front. Pharmacol. 2021). It is also clear by now that the membrane 
microenvironment will be a key determinant in understanding KCa1.1 function in various 
tissues including cancer cells. In that respect we also made very significant progress in 
understanding the effect of membrane composition on the operation of ion channels in the 
plasma membrane with special focus on cholesterol (Balajthy et al, Current topics in 
membranes, 2018, Zakany et al, BBA- Molecular and Cell Biology of Lipids, 2019, Zakany 
et al, BBA- Molecular and Cell Biology of Lipids, 2020, Kovacs et al, Front. Mol. Biosci, 
2021). The technical developments of the current project were also applied in determining the 
contribution of auxiliary subunits to Kv1.3 function (Vallejo-Gracia et al, Sci. Rep., 2021), 
and the project significantly contributed to the refinement of cell isolation techniques (Tajti et 
al, 2021). 
The most important findings of the project are summarized in a full-length manuscript to be 
submitted in January 2022 in a D1 journal (see attached manuscript). The PI of the project was 
invited to present the results on two international conferences (51th Annual Scientific Meeting 
of the Hungarian Medical Association of America, 2019.10.27-2019.11.01, Sarasota, Fl., USA; 
2nd International Cancer & Ion Channels Congress,, Izmir, Turkey, 2019.09.20-2019.09.25).  
There are 24 papers already published in peer reviewed journals and supported by the current 
grant, of these 5 are D1/Q1 and 15 are Q1, with a cumulative impact factor of 105.37. As a 
consequence of our involvement in understanding the role of ion channels in malignancies my 
laboratory was invited to the H2020 Marie Sklodowska Curie Innovative Training Network, 
project ID: 813834: pH and Ion Transport in Pancreatic Cancer: pHioniC, which is now running 
and supports fully an international PhD student in my lab along with bench fees. We have 
already published a significant review as part of the consortium in the topic of ion channels in 
cancer (Hofschröer et al, Frontiers in Pharmacol., 2021.). Moreover, a postdoc from my lab 
was invited during the grant period to work on ion channel in cancer in Münster, Germany, 
where he is now close to habilitation and expected to return to my department and start his own 
lab with international grants that are spinning off the currently reported proposal. The Covid-
19 situation has hampered the achievement of some of our goals, especially obtaining tissue 
samples for prostate and lung cancer and thus, we could not complete the characterization of 
the auxiliary subunits of KCa1.1 in these tissue samples. Although we have a shortcoming on 
this side, we are convinced that outreach from this grant to other projects, the start of a new EU 
H2020 financed one and the significant amount of publications with the support of this grant 
may compensate for the shortcoming, especially considering the numerous technical and 
strategic developments (e.g. Ca2+ imaging and recombinant peptide production). 
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Abstract 

Glioblastoma Multiforme (GBM) is the most aggressive glial cancer, where state-of-the-art 

treatment procedures are often ineffective. Therefore, it is crucial to study the molecules involved 

in GBM cell homeostasis, such as ion channels in order to develop new therapeutic and diagnostic 

options. Even though KCa1.1 is known to be expressed in GBM tumor cells and is associated with 

tumor radiosensitivity, it is not known whether it is involved in chemosensitivity. Moreover, the 

auxiliary subunits linked to these channels in GBM are largely unknown. Here, we aimed to 

characterize the KCa1.1 β subunit composition in both primary tumor cells and in the 

glioblastoma cell line U-87 MG. 

We found that KCa1.1 β2 and β3 subunits are functionally expressed in GBM cells, 

independently from the cell cycle, using molecular biology, patch-clamp electrophysiology and 

intracellular Ca2+-measurements. We also found that the outward ionic currents were 

significantly higher in cells arrested in the cell cycle M phase by colchicine. Moreover, the KCa1.1 

blocker paxilline potentiated the effect of chemotherapeutic agent, temozolomide. Based on these 

results, we propose a tissue specific inhibition of the KCa1.1 channel in combination with cell-

cycle specific chemotherapy as an effective treatment for glioblastoma patients. 



Keywords: Glioblastoma, KCa1.1 channel, Regulatory subunit, Patch-clamp electro- physiology, 
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Graphical abstract 
 

 
We have examined a known invasivity factor of glioblastoma multiforme (GBM) cells, the KCa1.1 
channel. Our results indicate that the β3 is the dominant auxiliary subunit associated with the channel. 
As this channel is more dominant in G2/M phase and is playing role in the chemosensitivity, we propose 
the KCa1.1 channel as a supportive drug target in GBM chemotherapy. 
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1 Introduction 1 

Glioblastoma multiforme (GBM) is a significant health burden in developed countries with 2 
an abysmal long-term survival. In the clinical practice, classical chemotherapeutics, such 3 
as the alkylating agent temozolomide are combined with surgery and radiotherapy. 4 
Moreover, numerous clinical trials exist aiming to optimize chemotherapy with different 5 
treatment combinations, from which some show promising effects [1]. These studies are, 6 
however, still limited in number, thus new combination therapies are necessary to tackle 7 
the therapeutic challenge GBM imposes. 8 

Ion channels are widely targeted in the therapy of various diseases and there is 9 
evidence that they may be promising targets in cancers as well [2,3]. In GBM cells, the 10 
Ca2+-dependent K+ channel KCa1.1 (also known as BKCa, Slo1 or MaxiK) is expressed as 11 
one of the major K+ channels [4,5], with many of its functions unclear and disputed. 12 
Notably, the gBK (short for glioma BK) splice variant of KCa1.1 is involved in the 13 
radiosensitivity of glioma cell lines [6]. However, the exact molecular mechanisms of 14 
these observations remain unclear to date. Moreover, even though radiosensitivity is 15 
altered by KCa1.1, there is only scarce evidence whether channel modulation could 16 
potentiate GBM chemosensitivity [7]. 17 

The pore-forming alpha subunit of KCa1.1, as that of many other ion channels, is 18 
associated with auxiliary subunits. These subunits modify the biophysical characteristics 19 
of the channel, responsiveness to pharmacological modulators as well as the membrane 20 
expression [8]. Notably, it has been described by Ge et al. using the REpository of 21 
Molecular BRAin Neoplasia DaTa (REMBRANDT) glioma database that KCNMB3, the 22 
gene coding for the KCa1.1 β3 subunit is expressed in a higher copy number in high-grade 23 
gliomas leading to a poorer prognosis compared to tumors expressing KCNMB2, the gene 24 
encoding the β2 subunit [9]. Comparably, using the same database, the expression of 25 
the α subunit (KCNMA1) is upregulated only in ≈10% of GBM patients, and its 26 
overexpression does not correlate with overall patient survival [10]. Since the β3 27 
subunit increases the membrane expression of KCa1.1 and abolishes channel inactivation, 28 
we hypothesized that the resulting increased K+ conductance of GBM cells alters tumor 29 
cell physiology in a manner that cells have a more pronounced Ca2+ signaling leading to 30 
enhanced invasiveness and/or therapy resistance. First, as there are no functional analyses 31 
to date regarding the membrane expression of the auxiliary β subunits in GBM, we 32 
characterized the β subunits of KCa1.1 in primary patient-derived GBM cells as well as 33 
using the cell line U-87 MG. Moreover, we investigated if these auxiliary subunits 34 
regulate different functional aspects and downstream effects of KCa1.1 and if KCa1.1 35 
inhibition potentiates GBM chemotherapy. 36 

37 
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Materials and Methods 38 

1.1 Glioblastoma cell isolation 39 

Experiments on patient-derived GBM tissue samples were carried out under the 40 
approval of the Hungarian Research Ethical Committee (ETT-TUKEB, IV/186- 1 41 
/2022/EKU). Informed consent was obtained for all human subjects involved in this study. 42 
Tumor samples were collected from anonymized adult patients during the surgical 43 
removal of the glioblastoma and transported for further processing in HBSS (Hank’s 44 
Balanced Salt Solution) on ice. Next, tissue samples were digested for 30 min in 45 
Collagenase type I (Sigma Aldrich, Burlington, MA, USA), and eventually homogenized 46 
using a tissue homogenizer and using Pasteur pipettes, as modified from [11]. Lastly, 47 
single cell suspension was achieved using a 70 µm cell strainer (Corning, Corning, NY, 48 
USA). Single cells were left to adhere for 2 h in DMEM + 10% FCS at 37 ºC and 5% 49 
CO2, then washed 3x with PBS. Cells were incubated in DMEM medium including 10% 50 
FCS, 1% glutamate, 1% penicillin-streptomycin and 1% non-essential amino acids for a 51 
maximum of three passages. Glioblastoma cell purity was routinely assessed using GFAP 52 
immunocytochemistry. Only those glioma populations were used for experiments, where 53 
>90% of cells showed clear GFAP positivity.    54 

1.2 Patch-clamp electrophysiology 55 

Whole-cell currents of voltage-clamped cells were recorded by manual patch-clamp 56 
electrophysiology according to standard protocols using Axopatch 200B amplifiers 57 
connected to a computer and digitized with Digidata 1550B (Molecular Devices, CA, 58 
USA). Pipettes were pulled from GC 150F-15 borosilicate glass capillaries (Harvard 59 
Apparatus, MA, USA) in five stages with 4-10 MΩ resistance. Immediately before the 60 
measurement, the cells were maintained in the recording petri dish in a bath solution 61 
consisting of 145 mM Na-aspartate, 5 mM KCl, 1 mM MgCl2, 2.5 mM CaCl2, 5.5 mM 62 
glucose, and 10 mM HEPES, pH 7.4. For the recordings, the composition of the solution 63 
used in patch pipette (internal solution) was either Ca2+-free (composition: 140 mM KF, 64 
2 MgCl2, 1 mM CaCl2, 10 mM HEPES, 11 mM EGTA, pH 7.22) or contained 1 µM free 65 
Ca2+ (145 mM K-aspartate, 10 mM EGTA, 10 mM HEPES, 2 mM MgCl2, 8.5 mM CaCl2, 66 
pH 7.2). KCa1.1 channel modulators (lithocholic acid, arachidonic acid, iberiotoxin and 67 
paxilline) were diluted to the desired concentration (75 µM, 30 µM, 23 nM and 1 µM, 68 
respectively) in the bath solution. Solution exchange was achieved by using a gravity-69 
flow system with continuous excess fluid removal. To avoid the changing of junction 70 
potentials during solution changes, the reference electrode, placed in a dish containing 71 
internal solution, was connected to the bath solution with agar bridge. For the biophysical 72 
characterization of the KCa1.1 currents, the cells were depolarized from a holding potential 73 
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of -100 mV to +100 mV in +20 mV increments. For the testing of KCa1.1 channel 74 
modulators, we used a 100 or 200 ms ramp depolarization protocol from -100 mV to +100 75 
mV. Voltage-clamp data were acquired with pClamp10 (Molecular Devices, CA, USA). 76 
In general, currents were low-pass-filtered using the built-in analog four-pole Bessel 77 
filters of the amplifiers and sampled at 5 kHz. Before analysis, whole-cell current traces 78 
were digitally filtered (five-point boxcar smoothing). Clampfit 10.7 (Molecular Devices, 79 
CA, USA) and Graphpad Prism 7 (Graphpad, CA, USA) were used for data display and 80 
analysis.  81 

1.3 Immunocytochemistry 82 

For fluorescent detection of KCa1.1 and the glial fibrillic acidic protein (GFAP), we 83 
followed standard immunofluorescence protocol as described in [12]. Briefly, primary 84 
patient-derived GBM cells were plated onto coverslips after the first passage. After 85 
overnight adhesion, cells were washed, then fixed (4% paraformaldehyde + 0.1% Triton-86 
X-100 in PBS) for 20 min at room temperature. After washing and blocking (10% goat 87 
serum in PBS) for 1 h at room temperature, cells were labeled with antibodies against 88 
KCa1.1 α (1:200 dilution of AB5228; rabbit polyclonal, Merck Millipore, Darmstadt, 89 
Germany) and/or GFAP (1:500 dilution of G3893; mouse monoclonal, Sigma Aldrich, 90 
Burlington, MA, USA) overnight at 4 ºC. After washing, fluorescent secondary antibodies 91 
against mouse (405324, Alexa-555 rabbit polyclonal, Biolegend, CA, USA) and rabbit 92 
(A-21244, Alexa-647 goat polyclonal, Invitrogen, MA, USA) were applied at 1:1000 93 
dilution for 2 h at 4 ºC. Lastly, after washing coverslips were mounted onto slides using 94 
DAKO mounting medium (Agilent, Santa Clara, CA, USA). Acquisition and qualitative 95 
assessment of the stainings was performed at 40x magnification using a confocal 96 
microscope (Olympos FV1000). Cells were labelled GFAP positive if the intracellular 97 
staining had a typical filamentary phenotype, and KCa1.1 staining was considered 98 
positive when it had a punctate membrane staining pattern typical of ion channels [12,13] 99 

1.4 RNA isolation and RT-qPCR  100 

RNA was isolated from primary GBM cells after 24 h of culture as well as from 101 
cultured U-87 MG cells using TRIzolTM (Life Technologies, Carlsbad, CA, USA) 102 
following manufacturer’s instructions. cDNA was generated using the Superscript III™ 103 
Reverse Transcriptase kit (Invitrogen, Waltham, MA, USA) with 2 μg of RNA per 104 
reaction. RT-PCR was performed using a QuantStudio 3 cycler with PowerUp™ 105 
SYBR™ Green Master Mix (Applied Biosystems®/ Thermo Fisher Scientific, Waltham, 106 
MA, USA), according to manufacturer´s instructions. Data was evaluated using the 107 
QuantStudio Design and Analysis software (Applied Biosystems®/ Thermo Fisher 108 
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Scientific, Waltham, MA, USA). Primer sequences are listed in Supp. Table 2.  109 

1.5 siRNA application  110 

The U-87 MG cells were transfected with siRNA according to manufacturer´s 111 
instructions by Dharmacon™ (Horizon Discovery, Lafayette, CO, USA). Briefly, cells 112 
were transfected in Gibco® Opti-MEM™ medium (Thermo Fisher Scientific, Waltham, 113 
MA, USA), containing 2 µl/ml DharmaFECT™ (Horizon Discovery, Lafayette, CO, 114 
USA) and 5 µg/ml scrambled siRNA (AccuTarget™ Negative Contol siRNA, Bioneer, 115 
Daejeon, South Korea); or 5µg/ml of a mixture (SMARTpool) of ON-TARGETplus 116 
siRNA against either GAPDH (siGAPDH) KCNMA1 (siKCNMA1), KCNMB1 117 
(siKCNMB1), KCNMB2 (siKCNMB2) or KCNMB3 (siKCNMB3) for 24 to 48 hours at 118 
37 ºC and 5% CO2 before patch-clamp and Western blot analysis. Gene silencing was 119 
validated using Western Blot (Figure 3B). 120 

1.6 Western Blot  121 

Protein from U-87 MG cells was isolated using TRIS lysis buffer (25 mM 122 
mercaptoethanol, 1 µl/ml Tween 20, 10 µl/ml protease inhibitor, 50 mM TRIS base, 123 
pH=7.5) and sonication for 30 s. 120 µg of denatured protein sample was loaded into each 124 
well of the 12% ProSieve 50 (Lonza, ME, USA) modified acrylamide gel for 125 
electrophoresis (80 mV for 20 min then 120 mV for 90 min), followed by transfer onto 126 
PVDF membranes (100 mV 90 min). After blocking (5% skim milk powder in 10 mM 127 
TRIS-buffered saline) at 4 ºC for 1 h, the blocked membranes were incubated overnight 128 
at 4 ºC with 1:1000-fold dilutions of primary antibodies against the KCa1.1 beta subunits 129 
or actin: anti-KCNMB1 (nb300-535, rabbit polyclonal, Novus Biologicals, CO, USA), 130 
anti-KCNMB2 (MA5-27646, mouse monoclonal, Thermo Fisher Scientific, Waltham, 131 
MA, USA), anti-KCNMB3 (ab137041, rabbit monoclonal, Abcam, Cambridge, UK), 132 
anti-actin (a2066, rabbit polyclonal, Sigma-Aldrich, MO, USA). After washing three 133 
times, blots were incubated 1:10 000-fold diluted secondary anti-mouse (#7076, Cell 134 
Signaling Technology, MA, USA) or anti-rabbit antibodies (#7074, Cell Signaling 135 
Technology, MA, USA) at 4 ºC for 2 h. Blots chemiluminescence was detected using a 136 
commercial detection system (Chemidoc XRS, Bio-Rad, Hercules, CA, USA). 137 

1.7 Cell synchronization and flow cytometry  138 

For metaphase cell synchronization, U-87 MG cells were incubated with 4 µg/ml 139 
colchicine (Sigma Aldrich, Burlington, MA, USA)-containing medium for 24 h at 37 ºC 140 
and 5% CO2. To measure the efficacy of synchronization, colchicine-synchronized as 141 
well as the untreated U-87 MG cells were permeabilized with 80% ethanol for 20 min at 142 
room temperature and stained with 2 µg/ml propidium-iodide (PI) for 10 min at room 143 
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temperature for flow cytometry measurements. The data were acquired with BD FacsAria 144 
III Cell Sorter (BD Biosciences, NJ, USA). 488 nm excitation laser and 616/23 nm 145 
emission filter with 610 long-pass dichroic mirrors were used for event detection. Data 146 
was subsequently evaluated with Flowjo V10 software (BD, Franklin Lakes, NJ, USA).   147 

1.8 Intracellular Ca2+ measurements 148 

For intracellular Ca2+-measurements, untreated and siRNA-treated U-87 MG cells 149 
were loaded with 3 µM Fura-2-AM (Invitrogen, Waltham, MA, USA)-containing 150 
HEPES-buffered Ringer`s solution (140 mM NaCl, 5.4 mM KCl, 1.2 mM CaCl2, 0.8 mM 151 
MgCl2, 5.5 mM D-glucose and 10 mM HEPES, titrated to pH 7.4) for 20 min at 37 ºC. 152 
Next, cells were washed twice with fresh Ringer`s solution and then were visualized using 153 
an ionic imaging setup composed of a Zeiss Axiovert 100 inverted fluorescence 154 
microscope (Zeiss, Oberkochen, Germany), a high-speed shutter, a polychromator 155 
(Visitron Systems, Puchheim, Germany) and a 37 ºC acquisition cabin. Fura-2 excitation 156 
wavelengths were 340 nm and 380 nm, corresponding to the Ca2+-loaded and Ca2+-free 157 
excitation optima, respectively, whereas fluorescence emission wavelength was recorded 158 
at 510 nm. Therefore, the resulting fluorescence ratio of 340nm divided by 380 nm-159 
excited fluorescence intensities (F340/F380) is directly proportional to the intracellular Ca2+ 160 
concentrations. The cells were kept at 37 ºC during the whole measurement. During the 161 
acquisition, cells were initially superfused with control solution (0.1% DMSO in Ringer´s 162 
solution) for 2 min, followed by 5 min with either only 10 µM acethylcholine (Ach)-163 
receptor agonist carbachol (carbamylcholine chloride; Sigma Aldrich, Burlington, MA, 164 
USA)-containing Ringer´s solution to elicit a Ca2+-signal (described before by [14,15]), 165 
or with 10 µM carbachol + 1 µM paxilline containing Ringer´s solution to simultaneously 166 
inhibit KCa1.1. Ratios were evaluated with the Visiview 3.0 software (Visitron Systems, 167 
Puchheim, Germany), and ultimately, individual F340/F380-curves were visualized using R 168 
[16]. 169 

1.9 Cell migration studies  170 

Two-dimensional spontaneous cell migration of U-87 MG cells was recorded via 171 
time-lapse video microscopy as described before [12]. First, U-87 MG cells were seeded 172 
in uncoated 12.5 cm2 dishes overnight 37 ºC and 5% CO2 to adhere. Next, the medium 173 
was exchanged to either control medium containing 0.1% DMSO, 1 µM PAX-containing 174 
medium, 500 µM TMZ-containing medium or both 1 µ µM PAX + 500 µM TMZ 175 
containing medium and the dishes were placed back into the incubator for another 30 min 176 
to equilibrate with CO2. Subsequently, cell migration was recorded for 6h in 37 ºC - 177 
heated chambers using CMOS cameras at 5 min intervals using the MicroCamLab 3.1 178 
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software (Bresser, Rhede, Germany). Finally, individual cell migration trajectories were 179 
manually segmented using the Amira 2019.1 software (Thermo Fisher Scientific, Inc., 180 
Waltham, MA, USA), from which cell migration velocity was calculated from the cell 181 
centroid displacement as a function of time [17]. 182 

1.10 Cell viability assay  183 

As a readout for cellular viability, we performed the sulforhodamine-B (SRB) 184 
viability assay in 96-well plates, as described by Vichai et al. [18]. Briefly, after 48 h of 185 
treatment with either temozolomide (Tocris, Bristol, UK), paxilline, or control (0.1% 186 
DMSO in DMEM) at 37 ºC and 5% CO2, U87-MG cells were fixed with trichloroacetic 187 
acid for 60 min on ice. After four washing steps with dH2O, 0.04% (wt/vol) aqueous SRB 188 
solution (Sigma Aldrich, Burlington, MA, USA) was added to each well, followed by an 189 
incubation for 60 min at RT. After four washing steps with 1% acetic acid, wells were 190 
left to air dry for 5 min. Lastly, 10 mM TRIS-base solution (pH 10.5) was added to each 191 
well, followed by 10 min rocking at RT. Absorbance was detected using a 192 
spectrophotometer at 546 nm wavelength. 193 

1.11 Statistical analysis 194 

Data are presented as mean ± SEM. Statistical analysis was carried out using 195 
Graphpad Prism 7.  Following a D’Agostino-Pearson normality test, unpaired Student's t 196 
tests or one-way ANOVA were performed with Tukey’s post hoc test, in other cases 197 
Mann-Whitney or Kruskal-Wallis tests were used. To assess the effect of the used channel 198 
modulators we performed Wilcoxon signed-rank tests. Statistical significance was 199 
assumed when p < 0.05. 200 

 201 
 202 
2 Results 203 

2.1 KCa1.1 is a prominent K+ channel in the plasma membrane of 204 
glioblastoma cells 205 

First, we validated the functional expression of the KCa1.1 in the membrane of GBM cells 206 
in our experimental setting using whole-cell patch-clamp technique and expressed the 207 
currents as current density (J=pA/pF), where currents are normalized to the cell 208 
membrane capacitance to obtain a cell-size independent parameter. As seen in Fig. 1A, 209 

voltage-gated K+ channel current density in primary GBM cells is markedly increased in the 210 
presence of intracellular 1 µM Ca2+ (N=3, n=5) compared to Ca2+ free intracellular 211 
solution (N=5, n=11) which is characteristic of KCa1.1 channels (-40 mV, p=0.52; -20 212 
mV, p=0.0004; 0 mV and above: p<0.0001, Student's t tests). We also observed a further 213 
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characteristic feature of the KCa1.1 channel [19], namely that currents activate at much 214 
more negative membrane potentials in the presence of intracellular Ca2+. K+ currents of 215 
the glioblastoma cell line U-87 MG (N=3, n=5) show a similar current-voltage (I-V) 216 
relationship to primary GBM cells (Fig. 1B) (N=3, n=11); which confirms the suitability 217 
of the cell line as a model to study KCa1.1 in GBM. Also, whole-cell currents of primary 218 
GBM and U-87 MG cells are potently inhibited by applying 1 µM of the small-molecule 219 
blocker paxilline (Pax) (Fig. 1D and 1E) (remaining current fraction, RCF=0.38 ± 0.04, 220 
n=20, and RCF=0.13 ± 0.02, n=13). Using immunofluorescence against KCa1.1, we also 221 
detected a punctate membrane staining [12,13] on the membrane of GFAP positive GBM 222 
cells (Fig. 1C). These results support previous reports that KCa1.1 functions as a major K+ 223 
channel in GBM [4,5,14,20]. 224 

 225 

 226 
 227 
Figure 1. The main ion channel in glioblastoma cell membrane is KCa1.1 228 

A) Current density-voltage relationship of whole-cell currents in primary glioblastoma cells. 229 
Current densities (J, pA/pF) at the indicated membrane potentials were calculated by dividing 230 
the peak current by the cell membrane capacitance. Data were obtained with intracellular 231 
solutions containing zero Ca2+ (n=11) or 1 µM Ca2+ (n=5). B) Current density-voltage 232 
relationship of whole-cell currents in primary glioblastoma cells (GBM, orange, n=5) and in 233 
the U-87 MG glioblastoma cell line (U-87, green, n=5). C) Confocal microscopy images of a 234 
primary GBM cell. GFAP (top left) was labeled with anti-mouse Alexa 555, the KCa1.1 alpha 235 
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subunit was labeled with anti-rabbit Alexa 647, the overlay of the two images is in the top 236 
right. The bottom right panel depicts the punctate staining pattern of KCa1.1 with higher 237 
magnification. D) Representative whole-cell current traces in a primary glioblastoma cell 238 
(GBM, left) and in an U-87 cell. Currents were evoked by repeated depolarizations to +100 239 
mV from a holding potential of -100 mV (see voltage pulse on the top) in control extracellular 240 
solution (black) and upon reaching equilibrium block in the presence of 1 µM paxilline 241 
application (red). E) Remaining current fractions (RCF=I/I0 were I0 and I are the peak 242 
currents in the absence and in the presence of the inhibitor, respectively) of the outward 243 
currents in primary glioblastoma (GBM) and U-87 cells in the presence of 1 µM paxilline. 244 
Black symbols indicate RCF values obtained in individual cells. Throughout the figure data 245 
points (or bar heights) are mean ± SEM for the indicated number of experiments.  246 

 247 
2.2 KCa1.1 beta 3 is the main auxiliary subunit associated to the 248 

channel in glioblastoma 249 

Auxiliary subunits of KCa1.1 are known to alter membrane expression of the channel. 250 
However, only very limited information is available on β subunit expression in GBM. 251 
Thus, we investigated the association of KCa1.1 to its auxiliary β subunits with both 252 
pharmacological methods and genetic modulations. 253 

First, we aimed to determine the functional expression of the β subunits with patch-254 
clamp technique (Fig. 2). Lithocholic acid (LCA) activates KCa1.1 channels associated 255 
with the β1 subunit [21,22], whereas arachidonic acid (AA) activates KCa1.1 assembled 256 
with the β2 or β3 subunits [23]. In primary GBM cells, AA approximately doubles whole-257 
cell KCa1.1 currents compared to control (Fig. 2B, 1.84-fold increase, p=0.001, two-tailed 258 
Wilcoxon test), whereas LCA does not induce KCa1.1 current increase (Fig. 2A, 1.02-fold 259 
increase, p=0.63, two-tailed Wilcoxon test).  In contrast, in U-87 MG cells, application of 260 
LCA and AA elicit a similar increase in the outward current compared to control (on 261 
average 1.38-fold (p=0.0002) and 1.24-fold (p=0.008) current increase, respectively, two-262 
tailed Wilcoxon test, Fig. 2A and 2B). KCa1.1 channels linked to the β2 subunit have an 263 
inactivation time constant around 20 ms [24]. Data in Fig. 2C does not support the 264 
involvement of the β2 subunit in regulating the KCa1.1 currents: whole-cell currents 265 
recorded from U-87 MG and primary GBM cells show no inactivation in 100 ms after 266 
activation.  It also is known that KCa1.1 channels with β4 subunit are resistant to inhibition 267 
by iberiotoxin (IbTx) [25]. However, in both of the primary GBM and U-87 MG cells , 268 
23 nM IbTx (i.e., ~2-10-fold the IC50 for KCa1.1 inhibition [26]), inhibits whole-cell 269 
currents (RCF: 0.47 ± 0.04 (n=18) and 0.13 ± 0.03 (n=8) respectively) similarly to 1 µM 270 
paxilline (p=0.12 and 0.99 respectively, Student's t tests) (Fig. 2D), thereby ruling out the 271 
presence of KCa1.1 β4 subunits in the channel complex. In summary, the presence of the 272 
β1, β2 and β3 subunits in the KCa1.1 complex were favored by the application of 273 
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pharmacological modulators of the β subunit-associated channels, while the relevance of 274 
the β4 subunit in the cell membrane seems to be highly unlikely with this approach. 275 

 276 
Figure 2. Pharmacological modulators affect β subunit-associated KCa1.1 channels in 277 
glioblastoma. 278 
A) The effect of lithocholic acid (LCA, 75 µM) on primary GBM (orange bar, n=16) and U-87 279 
MG cells (green bar, n=16). The current recorded during LCA application was normalized to 280 
the current recorded with control solution (dotted line). B) The effect of arachidonic acid 281 
(AA, 30 µM) on primary GBM (orange bar, n=14) and U-87 MG (green bar n=16) cells. The 282 
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current recorded during AA application was normalized to the current recorded with control 283 
solution (dotted line). C) Channel inactivation in a 100 ms time interval was determined by the 284 
current ratio It1/It0, where t0 was the current amplitude at the beginning (20 ms after voltage 285 
pulse), and t1 was the current amplitude at the end of the 100 ms time interval. for primary 286 
GBM cells (orange, n=33) and for U-87 cells (green bar, n=19) D) The effect of iberiotoxin 287 
(IbTx, 23 nM, purple bar, n=8) and paxilline (Pax, 1 µM, red bar, n=13) on the KCa1.1 current 288 
in primary GBM and in U-87 cells. Black symbols indicate remaining current fraction (RCF) 289 
values obtained in individual cells. RCF is defined in the text and in the legend to Fig. 1. Data 290 
represent mean ± SEM, **p<0.01, ***p<0.001  291 

 292 
Next, we aimed at supporting the functional data using molecular biology techniques. 293 

As indicated in Fig. 3A, several KCa1.1 auxiliary subunit mRNAs are expressed in the U- 294 
87 MG cell line. Using RT-qPCR, we found that β1 and β2 subunits are expressed at low 295 
levels in both the primary tumor and U-87 MG cells, whereas the β3 subunit shows the 296 
highest expression (Supp. Fig. 1 for primary GBM). Using Western blot, we validated that 297 
KCa1.1 β2 and β3 subunit proteins are expressed in U-87 MG cells, whereas the KCa1.1 298 
β1 band is absent (Fig. 3B). 299 

As small-molecule pharmacological modulators such as lithocholic acid and 300 
arachidonic acid are quite promiscuous and activate multiple other ion channels and 301 
signaling pathways [27,28], we applied genetic modulation of U-87 MG cells using siRNA 302 
targeting different KCa1.1 β subunits. We validated the silencing using Western Blot 48 h 303 
following application of siRNA (Fig. 3B). In these experiments Chinese hamster ovary 304 
(CHO) cells were used as positive control for β1 (KCNMB1) and β3 (KCNMB3) 305 
expression [29]. Non-silenced U-87 cells express both KCa1.1 β2 (KCNMB2) and β3 306 
(KCNMB3) proteins, which cannot be detected upon silencing the corresponding β 307 
subunit. As demonstrated in Fig 3C, lithocholic acid has a similar effect on whole-cell 308 
currents after KCa1.1 β1 silencing compared to the scrambled siRNA control (p=0.63, 309 

unpaired, two-tailed t-test, Nsilence=3). In contrast, both KCa1.1 β2 and β3 siRNA decrease 310 
the response of U-87 MG cell to arachidonic acid compared to scrambled RNA silencing 311 
(p=0.083 and p=0.038, respectively) (Fig. 3D and 3E). Taken together the higher 312 
sensitivity of the β3 silencing on the AA response (Fig. 3E) and the larger expression of 313 
the β3 RNA compared to other auxiliary subunits (Fig. 3A) we propose that KCa1.1 β3 is 314 
the main auxiliary subunit associated to KCa1.1 in the membrane of glioblastoma cells.  315 

 316 
 317 
 318 
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 319 

 320 
 321 
Figure 3. Gene silencing confirms dominant KCa1.1 β 3 subunit expression.  322 
A) Results of qPCR experiments assessing the relative expression of the beta subunits (black 323 
bar) in the U-87 MG cell line. β1, β2 and β3 mRNA levels divided by the expression of the 324 
KCa1.1 channel a-subunit are represented with green, blue and purple bars respectively (N=3, 325 
n=3). B) Western blot of the untreated and gene silenced U-87 cells. The populations were 326 
tested in duplicate, the left two lanes are the untreated U-87 cells and the right two lanes are 327 
CHO cells.  The middle lane pairs are for the KCNMB1, KCNMB2 and KCNMB3 silenced 328 
populations, from top to bottom, respectively.  The thick band in the top box at 42 kDa 329 
corresponds to actin and the 22 kDa marker to KCNMB1. In the second box (middle) the 330 
KCNMB2 bands are shown (27 kDa marker), and in the third box (bottom) the KCNMB3 band 331 
are shown (31 kDa marker). (C to E) Pharmacological studies after gene silencing (NSilence=3). 332 
Whole-cell currents were recorded as in Fig1D, peak currents were measured and normalized 333 
peak current was calculated as in Fig 2A and B. C) Effect of 75 μM LCA on control scrambled 334 
siRNA (dark green bar, n=8) and on KCNMB1 siRNA transfected (light green bar, n=8) U-87 335 
MG cells. D) Effect of 30 μM AA on the KCNMB2 (light blue bar, n=6), and E) on the 336 
KCNMB3 siRNA treated cells (light purple bar, n=6), compared to the scrambled siRNA 337 
transfected groups (dark blue and dark purple bars respectively, n=7). Insets in E show the raw 338 
currents obtained in a scrambled RNA (left) and in a KCNMB3 siRNA treated cell before 339 
(Control) and after the application of 30 um AA. Voltage protocols are in Fig.1D.  Throughout 340 
the figure, bar heights are mean ± SEM for the indicated number of experiments, *p<0.05.  341 
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 342 

2.3 KCa1.1 β3 is involved in U-87 MG Ca2+ signaling but shows no 343 
cell cycle dependence 344 

To investigate whether the KCa1.1 β3 subunit is involved in downstream mechanisms of 345 
KCa1.1 function, we studied the intracellular Ca2+ signaling evoked by the acetylcholine 346 
(Ach) analogue, carbachol [14,30](Fig. 4). Fig. 4A left panel shows that U-87 MG cells 347 
respond to the application of 10 µM carbachol (combined with the solvent for paxillin, 348 
DMSO) with a marked increase in the cytosolic free Ca2+ concentration, as reported by 349 
the increased F340/F380 ratio.  The Ca2+- response of the cells is inhibited by the 350 
simultaneous administration of carbachol and 1 µM paxilline (Fig. 4A, right panel). The 351 
heat maps in Fig. 4B highlight that approximately half of the cells in each population (59 352 
of 120 cells in the control group, 49 of 91 cells in the carbachol + paxilline-treated group) 353 
respond to cholinergic stimulation by a more than 20% increase in the F340/F380 ratio 354 
compared to their initial value.  The statistical analysis (Fig. 4C) clearly indicates that 355 
paxilline (n=49 cells; peak F340/F380= 1.6 ± 0.06) inhibits the Ca2+- response of the U-87 356 
MG cells to carbachol (n= 59 cells; peak F340/F380= 2.1 ± 0.07; p<0.0001). Interestingly, 357 
the peak of the carbachol-induced Ca2+ signal (Fig. 4D) at t = 220s is inhibited by 358 
KCNMB3 silencing (n=30; p=0.0004) similarly to silencing of the pore forming subunit 359 
of KCa1.1 (n=51; p=0.025). The F340/F380, ratios at t = 220s were 1.1 ± 0.06 (n=39) for the 360 
siGAPDH treatment, 0.8 ± 0.04 (n=51) for the siKCNMA1 (siKCNMA1) and 0.9 ± 0.04 361 
for siKCNMB3 treatments (n=30), (Fig 4D). Based on these data we conclude that KCa1.1 362 
coupled to the β3 subunit mediates Ca2+-signaling in response to carbachol in U-87 MG 363 
cells.  364 
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Figure 4. KCa1.1 beta 3 is involved in the Ca2+-response of U87-MG cells 365 

A) Representative intracellular Ca2+ measurements, where F340/F380 ratio is directly 366 
proportional to the intracellular Ca2+ concentration. Dotted line shows start of carbachol. 367 
superfusion after 2 min superfusion with control [(left panel: black line, 0.1% DMSO in 10 368 
µM carbachol-containing solution, N=5, n=120); or in combination with paxilline (right panel: 369 
red line, 10 µM carbachol + 1 µM paxilline, (N=5, n=91). B) Heat map depicting the F340/F380 370 
ratio response over time (x axis) for each individual cell measured (y axis). Pseudocolor code 371 
shows increasing Ca2+ concentrations with more magenta-toned color. Green rectangle 372 
confines cells showing >20% increase in F340/F380 ratio after carbachol superfusion. C) Peak 373 
of the 10 µM carbachol-induced F340/F380 ratio (see A and B for details) of control superfused 374 
cells (n=59, N=3) and 1 µM paxilline-treated cells (n=49, N=3). D) Carbachol-elicited 375 
intracellular Ca2+ response of cells after silencing of GAPDH (green, siGAPDH, N=3, n=39 376 
(F340/F380= 1.1 ± 0.06), KCa1.1 (purple, siKCNMA1, N=3, n=51 (F340/F380= 0.8 ± 0.04) and 377 
KCa1.1 beta 3 (black, siKCNMB3, N=3, n=30 (F340/F380= 0.9 ± 0.04)).  In C) and D) data are 378 
mean ± SEM for the indicated number of experiments, *p<0.05.  379 
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As cytosolic Ca2+ fluctuates during the cell cycle, and K+ channels are expressed in a cell 380 
cycle-dependent manner [31,32], we aimed at testing whether the KCa1.1 β3 subunit 381 
regulates the cell cycle of glioblastoma cells. To this end, we synchronized U-87 MG 382 
cells in M phase using colchicine and in G0 phase using serum starvation (Fig. 5.). Fig. 383 
5A shows the flow cytometry data of the synchronized cells. The histograms and Suppl. 384 
table 1 show that 36 ± 3 % of the cells were in G2/M phase 24 h following 10 µM 385 
colchicine treatment (N=3, n=3) as compared to 16 ± 1% in the untreated group (N=3, 386 
n=5). Upon serum starvation, a high percentage of cells reside in the G0/G1 phase (57 ± 387 
3% for untreated, 78 ± 1% for serum starvation, N=3, n=5 and N=2, n=2, respectively) 388 
(Supp. Table 1.). Interestingly, we observed a marked increase in the magnitude of the 389 
whole-cell currents in M phase synchronized cells as compared to control (non-390 
synchronized, untreated) and G0 synchronized ones (Fig. 5B-C). The increase in the peak 391 
currents become evident at depolarizations to +40 mV or above (Mann-Whitney test, Fig. 392 
5C). As cell volume and cell surface are can also change during the cell cycle [33], we 393 
also determined current density (J, see above). Similar to the peak currents, the current 394 
density was significantly larger in the M phase synchronized cells as compared to control 395 
and G0 phase synchronized ones at depolarized test potentials (above +20 mV, Mann-396 
Whitney test, Fig. 5D). To ensure that the main component of the whole-cell currents is 397 
still KCa1.1, we applied paxilline (1 µM) to each synchronized and control cell population 398 
(Fig. 5E). We found a pronounced inhibition of the whole cell K+ current by paxilline in 399 
all cell cycle phases, especially in the M phase, the average RCF in colchicine- and serum 400 
starvation-treated cells were 0.05 ± 0.01 (n=9) and 0.17 ± 0.02 (n=10), respectively 401 
(p=0.007, Kruskal-Wallis test, Fig. 5E). This confirms that the major current component 402 
is KCa1.1 in colchicine-synchronized cells. On the other hand, the increase in the whole-403 
cell current induced by 30 µM AA was similar in all groups (current increase: 1.26 ± 0.09 404 
(n=16), 1.1 ± 0.08 (n=10) and 1.09 ± 0.03 (n=10) for the untreated, colchicine- and serum 405 
starvation treated cells respectively, p=0.46, Kruskal-Wallis test, Fig. 5F). Together, these 406 
results indicate that KCa1.1 function is increased after M phase synchronization, without 407 
alterations in the β3 subunit-dependent modulation in the K+ current.  408 
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  409 

 410 
Figure 5. KCa1.1, but not the beta 3 subunit shows cell cycle-dependent function 411 
A) Flow cytometry of colchicine treated (4 µg/ml, 24h; in orange), starving (serum free 412 
DMEM, 24h; in red) and untreated U-87 MG cells (in blue), where propidium iodide (PI) 413 
intensity is shown as a function of cell count. B) Representative patch-clamp traces of the 414 
serum starved (red), colchicine-treated (orange) and untreated (blue) populations, respectively. 415 
The displayed currents were recorded at +80 mV depolarizing pulse with 4 µM free Ca2+ in 416 
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the pipette-filling solution. C) Current amplitude (I, nA) as a function of membrane potential 417 
(mV) for control (untreated, blue, n=20), for colchicine-treated (orange n=19), and starving 418 
cells (n=9). Whole-cell currents were obtained as in Fig 1A, 4µM free Ca2+ in the pipette-filling 419 
solution). D) Current density (J, pA/pF) as a function of membrane potential (mV) was 420 
calculated for n=18 control (blue), n=18 colchicine-treated (orange) and n=7 starving 421 
cells(red) from the data in panel C. In panels C and D the star symbols indicate the significant 422 
difference between the colchicine treated and the untreated cells. E) Effect of 1 μM paxilline 423 
on the whole cell currents in untreated (n=13), colchicine-treated (n=9) and starving cells 424 
(n=10).  Black symbols indicate RCF values obtained in individual cells, RCF was calculated 425 
as in Fig 1) F) The effect of 30 μM AA on the normalized current in untreated (n=16), 426 
colchicine-treated (n=10) and starving cells (n=10). Bars indicate the current amplitude 427 
measured with AA superfusion normalized to the current amplitude measured with control 428 
solution. Throughout the figure data points (or bar heights) are mean ± SEM for the indicated 429 
number of experiments, *: p<0.05; **: p<0.01.  430 

 431 

 432 

 433 

2.4 KCa1.1 inhibition has an additive effect with temozolomide on 434 
U-87 MG viability 435 

 436 
Alkylating agents, such as temozolomide affect the cell cycle of glioblastoma cells by 437 

synchronizing them in the G2 phase [34]. In the previous section we described that 438 
colchicine-synchronized U-87 MG have increased KCa1.1 current density (Fig. XX). Thus, 439 
we wanted to exploit this phenotype by testing whether KCa1.1 inhibition potentiates 440 
temozolomide chemotherapy. We investigated the short-term effects of TMZ and the KCa1.1 441 
inhibitor separately or in combination over the first few hours of treatment with time-lapse 442 
video microscopy (Suppl. Video 1), where we evaluated the migration of U-87 MG cells. As 443 
shown in Fig. 6A and 6B, we found that TMZ (500 µM) alone does not inhibit the velocity 444 
of two-dimensional spontaneous cell migration over 6 h as compared to control (0.53 ± 0.04 445 
µm/min, N=3, n=28 vs. 0.53 ± 0.03 µm/min, N=3, n=30, p>0.99). In contrast, paxilline alone 446 
and in combination with temozolomide inhibit cell migration velocity similarly, by ≈ 50% 447 
(0.2 ± 0.03 µm/min, N=3, n=30 and 0.3 ± 0.03 µm/min, N=3, n=30, respectively).   448 

As U-87 MG cells appear viable at the end of the 6h time-lapse of the paxillin + 449 
temozolomide treatment, we hypothesized that longer treatment time would be necessary for 450 
the alkylating agent to take effect. Therefore, we tested the effects of paxilline and TMZ on 451 
cell viability 48h after treatment (Fig. 6C and 6D). Here, compared to control treatment 452 
(normalized cell survival, a.u.: 1±0.02, N=4, n=32), we found a slight inhibition of cell 453 



19 
 

viability when applying paxilline alone (0.84 ± 0.03, N=4, n=16, p<0.0001) or temozolomide 454 
alone (0.77 ± 0.03, N=4, n=15, p<0.0001). The latter effect of temozolomide was potentiated 455 
by applying the two compounds in combination (0.63 ± 0.03, N=4, n=15, p<0.0001). Based 456 
on these results we concluded that paxilline has an additive effect to temozolomide on the 457 
viability of U-87 MG cells, which evolves over the course of days rather than hours. 458 

Figure 6. Additive effects of paxilline and temozolomide on cell viability 459 

A) Migration trajectories of U-87 MG cells (black lines) over 6h treated with 0.1% DMSO (Ctrl), 460 
500 µM temozolomide (TMZ), 10 µM paxilline (Pax) and combined 10 µM paxilline + 500 µM 461 
temozolomide (Pax+TMZ) treatment. Orange circle indicates the mean start-to-end 462 
translocation. B) Scatter plot shows quantification of migration velocities (µm/min) of U-87 463 
MG cells depicted in panel (A) (N=3, n=30). C) Representative phase-contrast microscopy 464 
images of U-87 MG cells treated for 48h with 10 µM Pax and/or 1 mM TMZ, as indicated on 465 
the panels D) Cell viability was determined by sulforhodamine B (SRB) assay after 48 h by 466 
normalizing the SRB absorbance in the treatment group to the SRB absorbance upon control 467 
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(Ctrl) treatment (N=4, n=32) after 48 h paxilline and/or temozolomide (N=4, n=15) treatment, 468 
*p< 0.05, ***p<0.001, ****p<0.0001 469 
  470 
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3 Discussion 471 

In this study, we showed that the Ca2+-dependent K+ channel KCa1.1 functions in the 472 
plasma membrane of patient-derived primary glioblastoma cells as well as the U-87 MG 473 
cell line in association with its auxiliary β3 subunit (Fig. 1, 2 and 3), which has a 474 
consequence on cellular Ca2+ signaling (Fig. 4) but not on cell cycle progression (Fig. 5). 475 
The main relevance of this finding is that even though KCa1.1 is ubiquitously expressed 476 
in many tissues in the human body, ancillary beta subunits have a much more restricted 477 
tissue expression. Particularly, the β3 subunit is rarely found in healthy tissues [35], and 478 
has only been described to date in the testes, pancreas and spleen. This, and its membrane 479 
localization makes the β3 subunit an attractive target for glioblastoma diagnosis and/or 480 
therapy, specially knowing that the increased expression of KCa1.1 β3-encoding gene 481 
KCNMB3 correlates with poor survival of GBM patients [9]. Therefore, synthetizing 482 
auxiliary subunit binding specific probes are warranted in a future study.  483 

 To our knowledge, we are the first to describe that KCa1.1, coupled to the auxiliary 484 
β3 subunit, provides the driving force for Ca2+ influx after Ach receptor stimulation (Fig. 485 
4). Generally, the function of ancillary ion channel subunits is to fine-tune the expression 486 
and biophysical properties of the pore-forming (here KCa1.1 α) subunit [8,36,37].  It has 487 
been recently proposed that Ach-dependent signals, in a Ca2+-dependent manner, induce 488 
matrix metalloprotease 9, which ultimately increases glioblastoma cell invasiveness [15]. 489 
In contrast, overall cell migration is inhibited by carbachol application (Supp. Fig. 2), 490 
which is confirmed by previous evidence [14].   491 

In addition, this study provides the first description that the chemotherapeutic agent 492 
temozolomide has an additive effect with KCa1.1 inhibition on U-87 MG cell viability 493 
(Fig. 6). Our results align well with another recent finding that blocking KCa1.1 inhibits 494 
hypoxia-induced chemoresistance of GBM cells against cisplatin [7]. Earlier, it has also 495 
been shown that TMZ treatment upregulates the gBK isoform of KCa1.1, possibly thereby 496 
enhancing therapeutic effects [38]. Here, we propose an additional mechanism for the 497 
long-term inhibition of cell viability: KCa1.1 currents are enhanced in colchicine-treated, 498 
metaphase synchronized U-87 MG cells (Fig. 5), supporting that K+ channels have an 499 
important role in the cell division machinery [31].  Previously, it has been shown that 500 
KCa1.1 is involved in the radiosensitivity in GBM: tumor cells that have been previously 501 
irradiated by 2 Gray have more prominent KCa1.1 function than control cells [6]. Also, 502 
when treating orthotopic glioblastoma tumors of mice with a combination of radiotherapy 503 
and paxilline, tumors were markedly reduced compared to controls. Moreover, similarly 504 
to KCa1.1, it is known that the Ca2+-activated, but voltage-insensitive KCa3.1 channel 505 
sensitizes GBM cells to TMZ therapy [39]. Based on our results we propose that KCa1.1 506 
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inhibition in GBM may not only be co-applied with radiotherapy but could also be utilized 507 
together with chemotherapy. This is especially important as most patients having GBM 508 
undergo a complex treatment plan involving both chemo-and radiotherapy as well as 509 
surgery.   510 

Interestingly, in disease, the KCa1.1 channel together with the β3 subunit is also 511 
functional in fibroblast-like synoviocytes in rheumatoid arthritis [40]. One explanation 512 
for this can be that both glioblastoma and rheumatoid arthritis are accompanied by 513 
pronounced inflammation altering multiple parameters such as pH and the mechanical 514 
environment [41–43]. For example, it has been described that the mechanosensitivity of 515 
KCa1.1 conferred by the auxiliary β1 subunit in vascular smooth muscle [44]. Whether 516 
alterations in the microenvironment indeed modify auxiliary subunit expression via a 517 
common mechanism in diseases involving inflammation, however, remains to be tested.  518 

We also investigated whether other auxiliary subunits are associated with KCa1.1 in 519 
the membrane of glioblastoma cells (Fig. 2 and 3). The β1 subunit, prominently expressed 520 
in smooth muscle cells, prolongs activation kinetics of KCa1.1 and has a well characterized 521 
pharmacological activation by bile acids [8,21,45,46]. Even though ionic currents of 522 
primary GBM and U-87 MG cells are activated by 75 μM lithocholic acid, two factors 523 
argue against the presence of KCa1.1 β1 in glioblastoma cells. First, we could not detect 524 
KCa1.1 β1 in RT-qPCR (Fig. 4A) and Western Blot (Fig. 4B). Also, in response to LCA 525 
we observed similar pharmacological response in KCNMB1-silenced cells as in the 526 
scrambled siRNA-treated controls. Knowing that bile acids activate a multitude of other 527 
ion channels, e.g. bile acid sensitive ion channels (BASIC) [47], it is much more likely 528 
that LCA acts on different ion channels than KCa1.1 in glioblastoma cells. Regarding the 529 
β2 subunit of KCa1.1, we found that it is present in the cells as mRNA and protein also, 530 
using RT-qPCR and Western Blot, respectively. β2 subunits are similar to β3 subunits in 531 
a manner that arachidonic acid activates the KCa1.1. channels associated to them [23,28]. 532 
Also, KCNMB2-silenced U-87 MG cells show less AA-dependent response compared to 533 
control-silenced cells, indicating its presence in the cell membrane. However, β2 subunits 534 
lead to a rapid inactivation of KCa1.1-mediated currents, which we only rarely (n=2 out 535 
of n=51 primary GBM cells) observed in our setting, with most whole-cell currents 536 
showing no inactivation over 200 ms (Fig. 2C). Why channel inactivation was absent can 537 
be explained by a change in stoichiometry between the different β subunits associated to 538 
KCa1.1 α: as four possible β subunits can simultaneously bind to one functional channel 539 
[48], the ratio of different β subunits associated with the channel may become very 540 
important, as indicated previously [49,50]. In GBM, a biological consequence of altered 541 
subunit stoichiometry is easily possible: more β2 subunits linked to one KCa1.1 channel 542 
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would mean faster inactivation, thus less Ca2+ signals, whereas more β3 subunits would 543 
lead to an absence in channel inactivation and a prolonged Ca2+ influx. Therefore, 544 
thorough assessment is warranted in a further study to prove this concept in GBM. The 545 
KCa1.1 β4 subunit is known to be expressed in the central nervous system [35,51]. In 546 
transfected model cells, KCa1.1 channels coupled to β4 subunit become resistant to 547 
inhibition by the peptide toxin IbTx [25,52]. In contrast, we observed that iberiotoxin 548 
inhibits whole-cell currents potently (Fig. 2D). Thus, it is likely that the beta 4 subunit is 549 
not associated with KCa1.1 in glioblastoma. Lastly, KCa1.1 gamma subunits, are unlikely 550 
in GBM cells: as KCa1.1 channels associated with γ subunits already open at very negative 551 
membrane potentials of –150 mV [53]. In comparison, KCa1.1 starts to open at much less 552 
negative membrane potential in primary GBM as well as in U-87 MG cells (Figure 1A). 553 
In summary, besides the evident association of KCa1.1 channels to β3 in the plasma 554 
membrane of GBM cells, it is likely that a minority of the channels are be coupled to β2.  555 

4 Conclusion 556 

To summarize, we found that KCa1.1 channels are coupled primarily to the auxiliary 557 
β3 subunit on the cell membrane of glioblastoma and U-87 MG cells, whereas the β2 558 
subunit only show a minor involvement in the channel phenotype in these cells. The β3-559 
associated KCa1.1 channels are involved in Ca2+-signaling of GBM cells after muscarinic 560 
acethycholine receptor activation. Importantly, KCa1.1 becomes up-regulated in the G2/M 561 
phase of the cell cycle by a beta-subunit independent manner that remains to be 562 
elucidated. By inhibiting KCa1.1 with the small molecule inhibitor paxilline, U-87 MG 563 
cell viability decreases, which is also potentiated by the co-application with the 564 
chemotherapeutic drug temozolomide. This aligns well with the literature, as the 565 
temozolomide causes an arrest in the G2/M phase, where we saw the above mentioned 566 
dominancy of the channel [34]. In conclusion, we propose the KCa1.1 channel as a 567 
supportive drug target in GBM chemotherapy and the β3 subunit as a membrane-localized 568 
marker for glioblastoma cells to be exploited for diagnostic or therapeutic approaches.  569 
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