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Diffuse gliomas, particularly glioblastomas, are incurable brain tumours'. They are
characterized by networks of interconnected brain tumour cells that communicate
via Ca® transients® ®. However, the networks’ architecture and communication
strategy and how these influence tumour biology remain unknown. Here we describe
how glioblastoma cell networks include a small, plastic population of highly active
glioblastoma cells that display rhythmic Ca* oscillations and are particularly
connected to others. Their autonomous periodic Ca* transients preceded Ca®*
transients of other network-connected cells, activating the frequency-dependent
MAPK and NF-kB pathways. Mathematical network analysis revealed that glioblastoma
network topology follows scale-free and small-world properties, with periodic
tumour cells frequently located in network hubs. This network design enabled
resistance against random damage but was vulnerable to losing its key hubs.
Targeting of autonomous rhythmic activity by selective physical ablation of periodic
tumour cells or by genetic or pharmacological interference with the potassium
channel KCa3.1 (also known as IK1, SK4 or KCNN4) strongly compromised global
network communication. This led to amarked reduction of tumour cell viability
within the entire network, reduced tumour growth in mice and extended animal
survival. The dependency of glioblastoma networks on periodic Ca®* activity
generates a vulnerability’ that can be exploited for the development of novel
therapies, such as with KCa3.1-inhibiting drugs.

Glioblastomas and other incurable gliomas are characterized by high
morbidity and mortality due to their invasive growth and notorious
resistance against therapies'. Glioma cells have recently been found to
extend ultra-long membrane tube protrusions called tumour micro-
tubes, which connect single tumour cells viagap junctions to functional
and communicating multicellular networks?®. They are found consist-
ently in state-of-the-art animal models of incurable gliomas and human
samples?®. Of note, these tumour cell networks enable multicellular
communicationby frequent intercellular Ca?* waves® 3, whichis partially
influenced by neuronal input®*. In addition, these communicating
networks can repair themselves after surgery, leading to local tumour
recurrence®, and network integration enables tumour cells to better

resist temozolomide chemotherapy and radiotherapy?®2. In light of
these findings, we aimed for anin-depth biological and mathematical
characterization of the Ca** communication patterns in those tumour
cellnetworks to better understand their fundamental architecture and
function, and to identify potential vulnerabilities.

Ca* communication in gliomanetworks

Complex multicellular patterns of Ca** activity were observed in glio-
mas originating from xenografted patient-derived humanglioblastoma
cellsinbrains of awake mice using in vivo multiphoton laser-scanning
microscopy?* (Fig.1a,b, and Supplementary Video1,includingasecond,
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Fig.1|Ca* communication patternsinglioblastomacellnetworks. a, Network
plotof co-active cell pairs derived from Ca* recordings of $24 tumour cells in vivo;
allarrowheadsindicate thedirectionof the transients (greenarrowheadsindicate
thetransientsequence depictedinb). Dashed outlinesinaand cdepict theregions
showninExtended DataFig.1aand e.b, Synchronized Ca* transients of tumour
microtube-connected tumour cells.c,d, Asina,b, but using the novelin vitro
tumour cell network growth assay. e,f, Intercellular co-activity (e) and normalized
global Ca** activity (f) in vivo after superfusion of control versus 100 uM
carbenoxolone (Cbx, agapjunctioninhibitor).n=4recordings (control)in3 mice
andn=7recordings (Cbx)in3 mice. Two-sided t-test. Dataare mean +s.e.m.
g-i,Representativeimmunofluorescence (g), tumour cell density (h) and fraction
of Ki67-positive tumour cells¥ (i) in tumour-bearing human cerebral organoids
derived from the S24 cell line after 14 days of control or 100 pM meclofenamic acid
(MFA, agapjunctioninhibitor) treatment.n=12regionsin 6 cerebral organoids
per group. Two-sided Mann-Whitney test (h) and two-sided t-test (i).

independent gliomamodelin Extended DataFig.1a-d), and similarly in
anewly developedin vitroassay inwhich glioblastoma cells were grown
ina2D monoculture under stem-like conditions’ (Fig. 1c,d, Extended
DataFig.1le-h, Supplementary Methods and Supplementary Video1).
In all conditions, glioblastoma cells interconnected to multicellular
networks and exhibited Ca* transients travelling between individual
tumour cells via their interconnecting tumour microtubes, frequently
inrecurrent, multicellular patterns (Fig.1a-d, Extended Data Fig.1a-m
and Supplementary Discussion). Consistently, pharmacological inhibi-
tion of gap junctions as well as tumour microtube formation, but not the
inhibition of extracellular transfer of ATP, significantly decreased both
intercellular co-activity and global Ca** activity (Fig.1e,fand Extended
Data Fig. 1n,0). In addition, inhibiting cellular Ca** entry (Extended
Data Fig. 1p-r), Ca** chelation (Extended Data Fig. 1s-u), and inhib-
iting tumour cell connectivity via gap junctions in vitro (Extended
DataFig. 1v,w) and in a human cerebral organoid model (Fig. 1g-iand
Extended DataFig.1x) all strongly reduced the proliferation of glioma
cells in a dose-dependent manner, supporting the fundamental
biological relevance of both glioma Ca?" activity per se and tumour
microtube-mediated glioma network communication in particular?.

Intrinsically rhythmic network activity

Further analyses of Ca* recordings revealed a small fraction of glio-
blastoma cells that showed distinct periodic Ca** oscillations (3.3-4.3%
invivoand 2.6-6.2% in vitro; Fig. 2a,b, Extended Data Fig. 2a and Sup-
plementary Videos 2 and 3). These tumour cellshad a particularly large
number of tumour microtube-mediated connections to other cellsin
the tumour network (Extended Data Fig. 2b-d). Their periodic activity
was characterized by a high rhythmicity with low peak-to-peak interval
variability (s.d. <15 s; Extended Data Fig. 2e) and a narrow range of
Ca* peak frequencies (mean, 12.5-12.7 mHz in vivo and 9.7-11.3 mHz
in vitro) in various experimental conditions (Fig. 2c and Extended
Data Fig. 2f). In these experiments, the periodic activity was present
in vivo (where tumour cells receive synaptic input from neurons>*),
andsimilarly and consistently in the in vitro monoculture conditions.
This pointed towards a tumour cell-autonomous mechanism, with
intrinsic periodicactivity possibly triggering Ca** activity in regionally
connected tumour cells. Indeed, inhibiting gap junctions or tumour
microtube formation did not alter the fraction of glioblastoma cells
displaying periodic Ca* activity, but strongly inhibited the majority of
non-periodic Ca® activity of network-connected tumour cells (Fig. 2d,
Extended DataFigs.1o and 2g-iand Supplementary Video 3). Further-
more, glioblastoma cells displaying periodic Ca*" activity (hereafter
referred to as ‘periodic cells’) displayed the highest number of Ca®*
transients in the tumour cell network, and Ca* activity declined with
increasing degree of separation to these cells (Fig. 2e and Extended
DataFig. 2j). Stochastic measuresto estimate the directionality of the
intercellular Ca** waves confirmed that periodic cells were triggering
Ca”'signalsinother cellsinvitro and in vivo (Fig. 2fand Extended Data
Fig.2k). Theidentity of periodic cellsin growing brain tumour networks
was found tobe plastic, and even adaptive: it partially changed over the
time course of 7 days (Fig. 2g,h); ATP was able to specifically increase
the number of tumour cells displaying periodic activity (Extended
Data Fig. 2m); and new periodic cells appeared after laser ablation of
previous cells (Extended Data Fig. 20,p). Together these findings dem-
onstrate that the rhythmic Ca* activity inglioblastoma cell networks is
atumour cell-autonomous functional state embodied by alow fraction
of glioblastoma cells that influences overall network Ca** activity ina
seemingly hierarchical manner, with considerable plasticity over time.

Architecture of tumour cell networks

Tobetter understand the patterns of intercellular Ca** communication
in glioma, we applied different graph theoretical concepts™ ™ and
discovered that functional tumour cell networks have scale-free (Fig. 3a
and Extended DataFig.3a-d) and small-world (Extended Data Fig. 3e-h)
properties, bothinvitroandinvivo. Networks with small-world charac-
teristics are known to facilitate quick and efficient communication',
whereas scale-free networks are characterized by the presence of highly
connected hubs™. Around 5% of the cells in the network had anumber
of connections that would rarely or never be observed in arandom
(Erd6s-Rényi) network of comparable size (Fig. 3a and Extended Data
Fig.3a-c), and thus the 5% most functionally connected of all cells were
defined as functional network hubs for further analyses’ (Fig. 3a-cand
Extended Data Fig. 3a-c,i-n). Of note, cells acting as network hubs in
these analyses often displayed periodic Ca* activity (46-48%invitroand
28-32% in vivo), which occurred only rarely in the numerous non-hub
tumour cells (Fig. 3c-e, Extended Data Figs. 31-q and 4a,b). This net-
work position enables periodic cells to communicate their Ca* activity
efficiently to many other network members™°,

Resistance and vulnerability of networks

Scale-free networks are highly robust against random damage, and
targeted attacks affecting the network hubs leads to a rapid increase
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Fig.2| A plastic population of cells with periodic Ca* activity drives
network activity. a,d, Ca* traces fromarepresentative recordingin vitro
using the S24 cellline. Control (a) and gap junction inhibition with 100 pM MFA
(d). Thickred lines aretraces of periodic cells. b, The fraction of periodic cells
amongall cells. n=24recordings from 3 mice (524 invivo), n=22recordings
from 9 biologically independent experiments (S24 in vitro), n =40 recordings
from 4 mice (BG5invivo),and n=10recordings from 5biologically independent
experiments (BG5invitro). ¢, The mean frequency of Ca* oscillations of periodic
cellsinvivoandinvitro.n =213 periodic cells (S24 in vivo), n = 348 periodic cells
(S24 invitro), n=195 periodic cells (BG5S invivo), and n = 324 periodic cells
(BGS5invitro) from the recordingsinb. e, The number of Ca?* peaksinall cells as
afunction of the degree of separation d (the number of anatomical cell-cell
connections) to the closest periodic cell, using the S24 cell linein vitro.d =0 is
showninred.n=120cells (d=0),n=663cells(d=1),n=384cells(d=2),n=203
cells(d=3),n=115cells(d=4),n=44cells(d=5),n=13cells (d=6),n=4cells

of the network diameter and fragmentation of the network’. Consist-
ently, the removal of periodic cells (that frequently act as functional
network hubs) profoundly compromised the integrity of functional
glioblastoma cell networks in silico, whereas random removal of the
same number of cells left the networks largely intact (Fig. 3f). To con-
firm this concept experimentally, we used single-cell-specific laser
ablationto remove either all periodic cells or the same number of ran-
domly selected cells from the field of view (Extended Data Fig. 4c,d).
Indeed, only the ablation of periodic glioblastoma cells reduced Ca**
activity and size of the functional networks in Ca* recordings, whereas
the ablation of randomly selected cells did not affect the activity or
size of the functional networks (Fig. 3g and Extended Data Fig. 4e-g).
Consistently, only the ablation of periodic cells, but not of randomly
selected cells, led toincreased cell death of other network-connected
glioblastomacells (Fig.3h,iand Extended Data Fig. 4h), indicating their
particular importance for tumour network integrity and its related
biological functions.

KCa3.1drives rhythmic activity

To test whether the intrinsic rhythmicity of periodic cells can be
molecularly defined and pharmaceutically targeted, we conducted an
invitroscreeninthe monoculture assay with17 inhibitors and agonists
of molecular mechanisms potentially relevant for Ca?* oscillations®.
Notably, from all candidates only TRAM-34 and senicapoc, the two
inhibitors of the calcium-activated potassium channel KCa3.1, were
able to specifically reduce both the prevalence and the Ca* frequency
of periodic cells (Fig. 4a, Extended Data Fig. 21-n and Supplementary
Discussion). Consistently, TRAM-34 sensitive currents characteristic
ofaKCa3.1conductance™ could be detected inasubpopulation (27%)

(d=7),n=3cells (d=8),n=53cells (d = infinity (inf.), which means not
connected) from4 recordings from 4 independent experiments. Kruskal-Wallis
test, Dunn’s test comparing each group with the periodic cells. f, Directionality
of the Ca** signals between communicating periodic and non-periodic cells
invivo.n=441periodic cellsand n=4,137 non-periodic cells from 24 recording
from 3 mice (S24 cells) and n =167 periodic cellsand n=2,363 non-periodic
cells from 40 recording from 4 mice (BGS5 cells). Kruskal-Wallis test, Dunn’s
test. AU, arbitrary units. g, Activity plot of representative recordings from the
same regioninvivo over time using the S24 cell line. Scale bars, 50 um.

h, The fraction of periodic cells fromidentical regionsin vivo over time
normalized to the number of cells on day O of eachregion. n=19 regions on day
0,n=19regionsondayl,n=_8regionsonday2,andn=6regionsonday7in4
mice. Kruskal-Wallis test, Dunn’s test. Data are mean + s.e.m. NS, not
significant (P> 0.05).

of morphologically particularly network-connected glioblastoma
cells (Fig. 4b). KCa3.1 had previously been associated with glioma
cell motility™™, sensitization to temozolomide' and poorer patient
outcome'”, Inhibiting periodic Ca®* activity with TRAM-34 and seni-
capoc reduced both global Ca** activity and tumour cell proliferation
invitro (Extended DataFigs. 2land 5a,b), and in primary glioblastoma
cellsgrowingin human cerebral organoids, without exerting any overt
neurotoxic effects (Extended Data Fig. 5c-i). This was further validated
by genetic knockout and knockdowns of KCa3.1using CRISPR and short
hairpin RNA (shRNA), respectively, all of which reduced the prevalence
of periodicactivity and thereby global Ca*" activity, proliferation rate
and viability of glioblastoma networks (Extended Data Fig. 6a-g).
Owing to the plastic nature of periodic cell identity, it was necessary
to manipulate all tumour cells to target periodic activity. However,
pharmacological inhibition and genetic knockout of KCa3.1did not
hinder sporadic non-periodic Ca*" activity (Extended Data Fig. 7a-d)
and cell-to-cell communication as such (Extended DataFig. 7e-h). Both
also did not affect tumour cell proliferation in in vitro growth condi-
tions that lack network formation and intrinsically rhythmic activity
(Extended Data Fig. 7i-q).

Finally, the suppressive effects of the genetic knockout of KCa3.1
on Ca* activity and proliferation could be rescued by co-culturing
KCa3.1-knockout cells with a small fraction (10% or 5%, but not less)
of KCa3.1-proficient wild-type cells (Extended Data Fig. 7r-y and Sup-
plementary Video 4). Whereas the KCa3.1KO cells continued to display
anegligible number of periodic cells under mixing conditions, the
fraction of periodic cells increased substantially in the co-cultured
wild-type cells, which led to a reconstitution of the overall fraction of
periodic cells (Fig. 4c,d and Extended DataFig. 7s—-u). Consequently, the
mixing conditions restored both global (Fig. 4e) and KCa3.1-knockout
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Fig.3|Periodicactivity innetwork hubs governs network functionality
andresilience. a, The mean probability distribution of co-active cells per cell
from Ca*"imaging plotted onalog-log scale withlinear regression fit (red) and
fitted random Poisson distribution (green). BG5linein vitro.n =10recordings
from 5Sbiologicallyindependent experiments. b,c, Network plot (b) and
network architecture (c) of cross-correlation coefficients larger than cut-off
derived from the same Ca® recording of tumour cells. S24 line in vitro. Scale
bar,100 um. d, Ca* transients of the tumour microtube-connected tumour
cellsindicatedinc. Dark red transients (top lines) originated froma periodic
cell.e, Thefraction of periodic cellsamongall active cells, all network hubsin
experimental dataand all cellsinscrambled data (randomly shuffled peaksin
eachtrace).n=22recordings from 9 biologicallyindependent experiments
(S24invitro) and n=10recordings from 5biologically independent
experiments (BG5S invitro). Mixed-effects analysis, Dunnett’s test. f, Schematic

cell-specific Ca* activity (Fig. 4f and Extended Data Fig. 7v), as well as
therespective tumour cell proliferation rates (Fig. 4g—i and Extended
DataFig. 7w-y). The mixing condition also rendered KCa3.1-knockout
cells sensitive towards KCa3.1inhibition, to which they were resistantin
monoculture (Fig.4h,iand Extended Data Fig. 7w). Together these data
support the specific relevance of the KCa3.1 channel for periodic Ca**
activity and demonstrate its growth-stimulating effects, while provid-
ing further evidence that the loss of periodic cellsis compensatedina
plastic manner by the tumour networks.

In addition, genetic overexpression of KCa3.1, validated with
whole-cell patch-clamp electrophysiology, increased the fraction of
intrinsically rhythmic cells and Ca* frequency of their oscillations as
wellas global Ca*" activity, proliferation rate and cell viability (Fig. 4jand
Extended Data Fig. 8a,b), again demonstrating the tight link between
KCa3.1expression, periodicactivity and its growth-promoting down-
stream effects in glioblastoma cells.

Inline with these results, periodic cells showed a higher expression
of KCa3.1thanthe other tumour cellsin vitro (Extended Data Fig. 8c,d),

network plot of the functional glioma network derived from the Ca* recording
inb,c, before and after theoretical modelling of removal either of all periodic
cellsorofthe same number of randomly chosen cells withinin the network.

g, The number of communicating cells per field of view in Ca* recordingsin vitro
beforeand1hafter laser ablation of either no cells (control), all periodic cells,
orthe corresponding number of randomly chosen active cells. Differences
between the conditions before ablation were not significant. Kruskal-Wallis
test, Dunn’stest. h,i, Representative regions (h) and fraction of dead
(propidium-iodide-positive) tumour cells (i) 24 h after laser ablation of either
periodic cells (periodic), the corresponding number of randomly chosen active
cells (random), or no cells (control). Arrows indicate ablated cells. Kruskal-Wallis
test, Dunn’stest.g-i,BG5cellline; n = 6 recordings (controland random
ablation) and n =7 recordings (ablation of periodic cells) in 2 biologically
independent experiments. Dataare mean +s.e.m.

and the small fraction of KCa3.1"8" tumour cells with detectable KCa3.1
expression in vivo (2.6-3.9%; Fig. 4k and Extended Data Fig. 8e) had
significantly more tumour microtubes than KCa3.1'" tumour cells
(Fig. 4] and Extended Data Fig. 8f), indicating their strong network
integration. Finally, network cells located close to KCa3.1"" cells had
asignificantly higher proliferation rate—which could be inhibited by
Ca* chelation—than more distant glioblastoma cells (Extended Data
Fig.8g-k), further supporting agrowth-stimulating effect of KCa3.1"e"
periodic cells on tumour microtube-connected network neighbours.

Molecular decoding of rhythmic activity

Inresected human glioblastoma tissue, tumour cells with detectable
KCa3.1 protein expression accounted for 4.8% of all tumour cells in
denser network regions but were largely absent in the network-void
diffuseinvasion zone (Fig. 5a,b and Extended DataFig. 9a). In single-cell
RNA-sequencing data from human tumours, 2.3% of all glioblastoma
cells showed detectable KCa3.1expression (Fig. 5¢c) and these cells were
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Fig.4|KCa3.1is essential for rhythmicactivity.a, Schematic summary

of mainion fluxes generating or modulating Ca* oscillations in periodic

and other glioblastomacells, as suggested by the compound screening

(see Extended DataFig.2I-nand the Supplementary Discussion). Inset shows
atumour microtube. ER, endoplasmicreticulum; GJ, gap junction; GPCR,
G-protein-coupled receptor—for example, P2Y, purinoreceptor 2; InsP,,
inositol-1,4,5-trisphosphate (yellow hexagons). b, Electrophysiological
recordings of functional KCa3.1 channels on morphologically particularly
network-connected glioblastoma cells. Current (/)-voltage (V) curves of voltage
rampsbetween-105mV to 55 mV are shown before (grey trace) and after (red
trace) wash-in of 1uM TRAM-34. TRAM-34-sensitive (left) and TRAM-
34-insensitive currents (right) are shown.BG5line; n=11cellsintotal (n=3
sensitiveand n=_8insensitive). c,e, The fraction of periodic tumour cellsamong
all cells (c) and global Ca** activity in Ca* recordings of S24 wild-type (WT) cells,
S24 KCa3.1-knockout (KO) cells and of a co-culture 0of10% S24 wild-type cells
with S24 KCa3.1KO cells (e). d,f, The fraction of periodic cellsamongall cells
(d)and global Ca* activity of the subpopulation (SP) of S24 wild-type cells and
S24 KCa3.1KOcellsinthe co-cultures (10% wild type) showninc,e.c-f,n=7
recordings (WT), n=8recordings (KCa3.1KO)andn=9recordings (10%WT)in2

enriched in the mesenchymal-like subpopulation (Fig. 5¢,d). These
numbers match the preclinical frequencies of KCa3.1"&" cells (Extended
DataFig. 8e) and cells displaying periodic Ca** activity (Fig. 2b). Consist-
ently, in single-cell RNA-sequencing data of glioblastoma cells xeno-
grafted in mice, 1.4% of all cells expressed KCa3.1above the detection
limit and were enriched in the network-connected tumour cell sub-
population (Fig. 5e). Ingenuity pathway analysis (IPA) and gene set

biologicalindependentexperiments. One-way ANOVA, Dunnett’stest (c,e) and
two-sided Mann-Whitney test (d). g,h, Representative images (g) and the
fraction of EdU-positive cellsin recordings of S24 wild-type cells, S24 KCa3.1KO
cellsand aco-culture of 10% S24 wild-type cells with S24 KCa3.1KO cells after
controlor1pMsenicapoc treatment (seni). Arrowheads indicate GFP-negative
wild-typecellsin co-culture. i, Thefraction of EdU-positive cellsin the
subpopulation (SP) of S24 wild-type cellsand S24 KCa3.1KO cellsinthe
respective co-cultures shownin h after control or senicapoc treatment.
h,i,n=20recordingsin2biologicalindependent experiments for all groups.
Kruskal-Wallis test, Dunn’s test (h) and one-way ANOVA, Dunnett’s test (i).j, The
fraction of periodic cellsamongall active cells in Ca* recordings of KCa3.1
overexpression (OE) versus control.S24 linein vitro; n =10 recordings (control)
and n=11recordings (KCa3.10E) from2biologically independent experiments
pergroup. Two-sided Mann-Whitney test. kI, Representative nestin and KCa3.1
immunofluorescenceintumours growingin mice (k) and the fraction of tumour
cellswith the respective number of tumour microtubes (TMs) per tumour cellin
KCa3.1"¢"and KCa3.1"" cellsin vivo (I). BG5 line; n =21 regionsin3mice.
Repeated measures one-way ANOVA, Holm-Sidék test. Dataare mean +s.e.m.

enrichment analysis (GSEA) of KCa3.1"&" cells and tumours with high
expression of KCa3.1in RNA-expression datasets of human glioblas-
tomarevealed a consistent signature thatinvolved the upregulation of
cell-to-cell signalling, outgrowth of protrusions, proliferation, survival
and downregulation of cell death (Extended Data Fig. 9b-g).

We next investigated how glioblastoma cells translate the network’s
rhythmic Ca*" oscillations into biological information. Multiple key
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Fig.5|KCa3.1expressioninhuman glioblastomas and molecular decoding
of intrinsic rhythmicity. a, Immunostaining of Nestin and KCa3.1inahuman
glioblastoma sample of arepresentative tumour network region and invasion
zone.Squaresindicate the location of the region enlarged immediately to the
right. Arrows indicate KCa3.1"e" cells. n = 3 samples from different patients.

b, The fraction of KCa3.1"¢" tumour cells in the tumour network and the
invasionzone of human glioblastoma samples. n=30regions of interest (ROls)
(tumour network) and n=30ROls (invasion zone) in 3 samples from different
patients. Two-sided Mann-Whitney test. ¢,d, Two-dimensional representation
(c) and KCa3.1expression values (log transcripts per million (TPM)) (d) of
cellular states from 28 patients with glioblastoma*®. OPC-like, oligodendrocyte
progenitor-like; NPC-like, neural progenitor-like; AC-like, astrocyte-like;
MES-like, mesenchymal-like.n =1,047 cells per group. Kruskal-Wallis test,

intracellular signalling pathways have Ca* frequency decoding prop-
erties: they are specifically activated by distinct frequencies over awide
range?*** between 0.5-10° mHz. The frequencies of the intrinsically
rhythmic Ca** activity of glioblastoma cell networks (mean: 12.5-12.7 mHz
invivoand 9.7-11.3 mHzinvitro; Fig. 2c) liein the samerange inwhich the
MAPK and NF-kB pathways that enhance proliferation and cell survival®*
are maximally activated®**%, Indeed, the most upregulated signalling
pathwaysin KCa3.1"¢" cells and tumours with a high expression of KCa3.1
inRNA-expression datasets of human glioblastomaincluded these two
pathways, whereas the CaMKIl and calpain pathways that are activated by
considerably higher Ca* spike frequencies®®??® around 1-50 Hz were not
upregulated (Fig. 5fand Extended DataFig. 9h,i). Furthermore,immuno-
cytochemistry of cells displaying periodic Ca** activity showed activation
of the MAPK and NF-kB pathways (Fig. 5g,h) but not of the CaMKIl and
calpain pathways (Extended DataFig. 9j,k), and inhibiting periodic Ca*"
activity with the KCa3.1 blocker senicapoc led to specific downregula-
tion of the MAPK and NF-kB pathways (Extended Data Fig. 91-n). Finally,
genetic overexpression of KCa3.1increased (Extended Data Fig. 90,p)
and its knockout reduced (Extended Data Fig. 9q,r) the global activity
of MAPK and NF-kB pathways. Again, we were able to rescue the effect
ofthe knockout by co-culturing KCa3.1-knockout cells with asmall frac-
tion of wild-type cells, increasing the activity of the MAPK and NF-kB
pathways in the entire network and in the subpopulation of knockout
cells (Extended Data Fig. 9q-s).

KCa3.1perturbation slows glioma growth

To further validate the biological and potential therapeutic relevance
of KCa3.1-related autonomous rhythmic network activity for brain

Dunn’stest. e, The fraction of KCa3.1"" cells in connected versus unconnected
cellsfromthree xenograftsingle-cell RNA-sequencing datasets (524, T269

and P3line); n=24,160 cells (connected) and n =11,662 cells (unconnected).
Fisher’s exact test.f, Activation z-score of the top activated signalling pathways
derived from Ingenuity Pathway Analysis (IPA) using the differential gene
expression of KCa3.1"&"versus KCa3.1°" cellsin a single-cell RNA-sequencing
dataset of 28 glioblastomas®®. g, h, Representative phospho-NF-kB (Ser536)

(g) and phospho-p44/42 MAPK (Thr202/Tyr204) (h)immunofluorescence and
quantification. Arrows indicate cells that displayed periodic Ca** oscillations in
the preceding Ca* recording. S24 line; n =2,348 cells (non-periodic, NF-kB),
n=107 (periodic, NF-kB), n=2,475 cells (non-periodic, MAPK) and n =101
(periodic, MAPK) from 2 biologically independent experiments. Two-sided
Mann-Whitney test. Dataare mean +s.e.m.

tumours, we treated tumour-bearing mice with the KCa3.1 inhibitors
TRAM-34 and senicapoc, which cross the blood-brain barrier and are
well tolerated™">?*, Senicapoc has also been demonstrated to be
safein clinical trials for non-oncological diseases®. Inaccordance with
the monolayer and organoid data described above, KCa3.1inhibition
reduced the fraction of periodic cellsin experimental gliomas growing
in the mouse brain, resulting in strongly reduced global Ca** activity
(Fig. 6a,band Supplementary Video 5), but did not affect cellular com-
munication per se (Extended Data Fig. 10a). In addition to the known
reduction of tumour cellinvasionand microgliaactivationunder KCa3.1
inhibition>'*32** (Extended Data Fig.10b-f), TRAM-34 and senicapoc
treatments over 14 days also significantly inhibited glioblastoma cell
proliferation (Extended Data Fig. 10g-j) and overall tumour growth
(Fig. 6¢,d and Extended DataFig.10k-m). Finally, chronic oral adminis-
tration of the KCa3.1inhibitor senicapocinamoderate, well-tolerated
dose attenuated the growth of well-established tumours in mice and
extended host survival (Fig. 6e-g). To confirm that selective interfer-
enceinKCa3.1-dependent periodic activity driven by asmall percentage
of glioblastoma network cellsis responsible for the antitumour effects,
we implanted glioblastoma cells with genetic KCa3.1 knockdown to
prevent normal autonomous rhythmic Ca* activity (Extended Data
Fig. 6b) into mouse brains. MRI analysis showed a marked reduction
of tumour growth in these mice, which resulted in their extended
survival (Fig. 6h-j).

Tofurther supporttherelevance of these findings for human disease,
we analysed survival in relation to KCa3.1 expression. KCa3.1 expres-
sion was significantly higher in glioblastoma than in prognostically
more favourable glioma types (Extended Data Fig. 10n). Analysis of a
cohort of patients with glioblastoma from The Cancer Genome Atlas
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Fig. 6| Targeting KCa3.1reduces braintumour growth. a,b, Fold changein
thefractionof periodic cellsamongall active cells (a) and fold change of global
Ca?"activity in Ca* recordings (b) from control, TRAM-34 (intraperitoneal
injection, 120 mg per kg body weight) or senicapoc (intraperitoneal injection,
50 mg per kg body weight) treated mice.n =9 (control) and n=12 (TRAM-34)
recordingsin4 micein S24 cellline; n=8recordingsin4 mice (controland
senicapoc) inS24 cellline; n =9 recordingsin 4 mice (control) andn=35
recordingsin3 mice (TRAM-34) in BG5 cells. Kruskal-Wallis test, Dunn’s test.
c,d,Representativeregions (c) and change in cell density (d) on day 14 versus
day O under control conditions versus TRAM-34 treatment (2 x 120 mg per kg
body weight per day).n=14 regionsin4 mice (control) and n = 21regionsin

(TCGA) revealedincreased survival of patients with low KCa3.1 expres-
sion, both among the entire patient population (Fig. 6k) and within
the prognostically unfavourable mesenchymal disease subgroup in
which KCa3.1was most highly expressed (Extended Data Fig.100,p).

Conclusions

Our datasuggest that glioblastoma cells organize in resilient networks
with scale-free and small-world properties, whose functionality is
dependent on a plastic population of cells that display periodic Ca*"
activity, often act as functional network hubs and constitute 1-5%
of all cells in human samples and mouse models of glioblastoma
(Extended Data Fig. 10q). Their distinct autonomous activity gener-
ates network-wide rhythmic intercellular Ca** waves that specifically
activate the MAPK and NF-kB pathways and ultimately drive brain
tumour growth. The network’s fundamental dependence on intrin-
sically rhythmic cells creates a previously unknown vulnerability’.
We show here that this crucial cellular state in glioblastoma can be
effectively targeted by brain-penetrant KCa3.linhibitors, revealing a
new class of drugs against incurable brain tumours.

4 mice (TRAM-34). e-g, Representative MRIimages (e), tumour sizes (f) and
Kaplan-Meier survival plots (g) for mice withimplanted tumours (S24 line)
after senicapoc treatment versus control. Treatment started on day 47 after
tumour implantation. n=15mice per group. One-way ANOVA, Sidak’s test

(f) and log-rank test (g). h—j, Representative MRl images (h), tumour sizes

(i) and Kaplan-Meier survival plots (j) for mice after implantation of S24
control versus S24 KCa3.1knockdown (KD) cells. n =15 mice per group.
One-way ANOVA, Sidak’s test (i) and log-rank test (j). k, Kaplan-Meier survival
plot for patients with glioblastomain the highest quartile for KCa3.1 expression
and thoseinthelowest quartile for KCa3.1expression.n =36 patients (high)
and n =37 patients (low). log-rank test. Dataare mean + s.e.m.

Although our experiments have not demonstrated that tumour cells
displaying this distinct activity are a stable cell population of classic
pacemakers (such as in the sinoatrial node of the heart where KCa3.1is
involved in pacemaking, but with limited functionalimportance®), they
nevertheless show many similarities to the function, plasticity and bio-
logicalrole of pacemaker-like cells during neurodevelopment®. Our find-
ings enable amore comprehensive understanding of the brain tumour
‘organism’: whereas its invasive front that colonizes new brain regions
isdriven by asubpopulation of isolated glioblastoma cells with distinct
neuronal features®, the more established population is governed by a
very small subpopulation of mesenchymal-like glioblastoma cells that
nonetheless recapitulates other neurodevelopmental features, and
that is of crucial importance for the functionality and resilience of the
tumour cell network that resists established antitumour therapies®®.

It will be valuable to determine whether intrinsically rhythmic glio-
blastoma cells also exhibit the increased tumorigenicity and plasticity
that have been associated with cancer stem-like cells. Whatever the
results are, the presence of periodically active network hubs extends
our understanding of how a small subpopulation of cancer cells can
dictate the functionality of the entire tumour.
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folio Reporting Summary linked to this article.

Data availability

Bulk RNA-seq data of connected and unconnected glioma cells have
been deposited in the Sequence Read Archive (SRA) database under
accession number PRJNA554870. Bulk RNA-seq data of cells treated
with senicapoc and control have been deposited in the Gene Expres-
sion Omnibus under accession number GSE215365. Source data are
provided with this paper.

Code availability

The code supporting the current study has been depositedin Zenodo
at https://doi.org/10.5281/zenodo0.7242228.
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Extended DataFig.1|Glioblastoma network communicationdependson
TMsandgapjunctions and drives tumor cell proliferation. a,b, Time-lapse
images of Ca* transients travelling between two glioblastoma cells alonga TM
inthe mouse brain invivo; S24 line (a) and BG5 line (b); scale barsare 25 um
(a)and 15 pum (b); region of aisindicated in Fig. 1a, region of bis indicated in cby
dotted box; arrows denote Ca* peaksin cell somata; arrowheads denote
intercellular Ca* transient traveling through TMs. ¢, Network plot of coactive
cell pairs derived from Ca* recordings of BGS tumor cells; arrowheads indicate
thedirection of the transients. d, Synchronized Ca* transients of TM-connected
tumor cells. Red: Ca* transients detectable; black: no Ca* peaks detectable.

e, same as (a), but withanovel invitrotumor cell network growth assay; S24 line;
scalebaris25um;regionisindicatedinFig.1c.f—h,sameasb—d, but witha
novel invitro tumor cell network growth assay; scale barindis 15 pm. i, Number
of coactive cells versus number of anatomical connections per cell; S24 line
invitro,n=1602 cells from4 recordings and 2 biologically independent
experiments; linear regression. j, Fraction of cells with at least one coactive cell
outof all active cells (here and below cells with > 4 Ca?* peaks). k,I, Normalized
fraction of coactive cell pairsininvivo (k) and invitro (1) dataand its
corresponding null control; Kruskal-Wallis test, Dunn’s test for in vivo data and
one-way ANOVA, Dunnett’s test for invitro data; j—1,n = 23 recordings from

3 mice (S24 invivo), n=22recordings from 9 biologicallyindependent
experiments (S24 invitro),n = 40 recordings from 4 mice (BG5S in vivo), and
n=10recordings from Sbiologicallyindependent experiments (BGS invitro).
m, Representative traces of Ca** transients of cells stained with Rhod-2AM and
imaged with multiphoton microscopy invivo and confocal microscopy in vitro
(see Methods for more information); note that Ca® peak morphology is very
similar invivo and in vitro when the same Ca* sensor and similar recording
technologies are used. n, Intercellular coactivity in Ca* recordings of control
versus100 pM Carbenoxolone (Cbx, gap junction inhibition), 100 pM MFA (gap
junctioninhibition),1 pM Latrunculin B (LatrB, reduction of TM growth), and
100 pM Suramin (purinergicreceptor inhibition) treatmentinvitro;
intercellular coactivity was calculated by dividing the number of coactive cells of
arecording by the number of coactive cells of its corresponding null control
data; note that the inhibition of extracellular transfer of ATP by Suramin
increased theintercellular coactivity, possibly by reducing extracellular noise,
and thereby revealing the pure, TM-mediated and highly synchronized Ca**-
mediated communication of the tumor cells; Kruskal-Wallis test, uncorrected
Dunn’stest.0, Normalized global Ca** activity in control versus 100 uM
Carbenoxolone (Cbx),100 uM MFA, 1 puM Latrunculin B (LatrB),and 100 pM
Suramin treatment invitro; global calcium activity (number of Ca** peaks per
time and cell) was normalized by dividing the number of peaks per celland time
by the mean of the corresponding control recording; one-way ANOVA,

Dunnett’s test. n, 0, n =22 recordings (S24; control), n =25 recordings (S24; Cbx),
n=6recordings (524; MFA), n = Srecordings (524; LatrB), n = 8 recordings
(S24; Sur), n=10recordings (BG5; control), n =4 recordings (BG5; Cbx, MFA,
and Sur), n=7recordings (BG5; LatrB) from > 2 biologically independent
experiments, respectively. p, Normalized global Ca* activity in control
versus SOCE inhibitor BTP2 treatment in vitro;n =22 recordings from 9
biologically independent experiments (524, control), n =4 recordings from 2
biologicallyindependent experiments (524,2 uM, 5 uM, and 10 uM; BGS,
2puM, 5 M, and 10 pM); one-way ANOVA, Dunnett’s test. q, Fraction of EdU-
positive cells, measured as number of EdU-positive cells divided by DAPI-
positive cells in control versus BTP2 treatment invitro; n = 26 recordings (S24;
Controland BTP22 uM), n=23recordings (524; BTP25 uM), n =29 recordings
(S24; BTP210 puM), n =27 recordings (BG5; Controland BTP22 uM),and n =25
recordings (BGS5; BTP25 uM and 10 uM) from 2 biologically independent
experiments; one-way ANOVA, Dunnett’s test. r, Fraction of dead cells,
measured as number of PI-positive cells divided by DAPI-positive cellsin control
versus BTP2treatmentinvitro;n =18 recordings (S24; allgroups), n = 24
recordings (BGS; Controland BTP22 uM), n =17 recordings (524; BTP25 pM),
n=22recordings (S24; BTP210 uM) from 2 biologically independent
experiments; Kruskal-Wallis test, Dunn’s test. s, Global Ca** activity in control
versus10 uM BAPTA-AM treatment invitro; n = 11recordings (524, control),
n=4recordings (524, BAPTA-AM), n =5recordings (BG5, control),andn=4
recordings (BG5S, BAPTA-AM) from 2 biologically independent experiments;
Brown-Forsythe and Welch ANOVA test, Dunnett’s test. t, Fraction of EAU-
positive cells measured as the number of EdU-positive cells divided by DAPI-
positive cellsin control versus BAPTA-AM treatment invitro; n =30 recordings
(S24, controland BAPTA-AM; BGS, control) and n =29 recordings (BG5S, BAPTA-
AM) from 3 biologically independent experiments; Kruskal-Wallis test, Dunn’s
test.u, Fraction of dead cells, measured as number of PI-positive cells divided
by DAPI-positive cellsin control versus BAPTA-AM treatment invitro;n =18
recordings (524, control), n =18 recordings (524, BAPTA-AM) from 2
biologicallyindependent experiments, n =18 recordings (BG5, control), and
n=18recordings (BG5, BAPTA-AM) from 2 biologically independent
experiments; one-way ANOVA, Dunnett’s test. v, Fraction of EdU-positive cells
andw, fraction after of dead cells, measured as number of PI-positive cells
divided by DAPI-positive cells after control versus MFA treatment (gap junction
inhibition) invitro;n =18 recordings per group from 2 biologically independent
experiments, respectively; one-way ANOVA, Dunnett’s test. x, Fraction of
activated caspase-3-positive tumor cellsin tumor-bearing human cerebral
organoids after 14 days of control versus 100 pM MFA treatment; n = 6 regions
in3 cerebral organoids per group; S24 line; two-sided Mann-Whitney test. Error
barsshows.e.m.ns, notsignificant (P >0.05).



Extended DataFig.2|See next page for caption.



Extended DataFig. 2| Characteristics and targeting of periodically active
cells. a, Ca® traces from arepresentative recording in vitro; traces of periodic
cellsareindicated by thickred lines; BG5line. b,c, Representative recording of
S24 (b) and BG5S (c) tumor cells invitro; arrow indicates typical periodic cell with
ahighnumber of anatomical (TM-mediated) cell-cell connections.d, Number
of TM-mediated cell-cell connections of periodic cells and non-periodic cells
invitro.b—d,n=120 periodic cellsand n =1482 non-periodic cells from
4recordings from 3 biologically independent experiments (S24); n =40 periodic
cellsand n=1364 non-periodic cells from 3 recordings from 2 biologically
independent experiments (BGS5); Kruskal-Wallis test, Dunn’s test. e, Histogram
ofthe standard deviation (std) of the peak-peak-intervals of all active cells; red
barsindicate cells with periodic Ca* activity; S24 line in vivo; n = 2198 cells from
24 recordingsin3 mice. f, Histograms of the frequency of Ca** peaks of all
active cells; red bars indicate cells with periodic Ca®* activity; n = 2198 cells

(S24 invivo) from 24 recordingsin 3 mice. g, Fraction of periodic cells of all cells
inempirical (control) and scrambled data versus 100 pM Carbenoxolone

(Cbx; gapjunctioninhibition), 100 pM MFA (gap junction inhibition), and

1pM LatrunculinB (LatrB; reduction of TM growth) treatmentinvitro;n =12
recordings (S24; control), n =10 recordings (524; Cbx), n =4 recordings

(S24; MFA), n =5recordings (S24; LatrB), n =19 recordings (BGS5; control),n =4
recordings (BGS5; Cbx, MFA), n =7 recordings (BGS5; LatrB) fromn >2independent
experiments, respectively; Kruskal-Wallis test, Dunn’s test. h, Ca* traces froma
representativerecording after gap junctioninhibition with 100 upM MFA invitro;
tracesof periodic cells areindicated by thick red lines; BG5line. i, Representative
Ca? transients of periodic cells (dark red, upper lines) and anatomically
connected non-periodic cells (lighter red and black) in vitro; S24 line.j, Number
of Ca* peaks of all cells as a function of the degree of separation to the closest
periodic cell, which corresponds to the number of cell-cell connections between
thecelland the closest periodic cell invitro; BG5line; n =40 cells (0), n =297
cells(1),n=320cells (2),n=304cells (3), n =196 cells (4),n =98 cells (5),n =48
cells (6),n=31cells (7),n=14cells (8),n=17 cells (9),n =11cells (10), n = 6 cells
(11), n=3cells (12), n =20 cells (inf.) from 3 recordings from 3 independent

experiments; Kruskal-Wallis test, Dunn’s test; **P < 0.01; ***P < 0.001;

****P < 0.0001.k, Directionality of the Ca* signals between communicating
cells for periodic cellsand non-periodic cells in vitro; n = 555 periodic cells and
n=2719 non-periodic cells from 22 recordings from 9 biologically independent
experiments (S24) and n =189 periodic cells and n = 3291 non-periodic cells
from10recording from 5biologically independent experiments (BG5);
Kruskal-Wallis test, Dunn’s test. I, Fold change of global Ca** activity, m, fold
change of fraction of periodic cells of all active cells, and n, fold change of
frequency of Ca* oscillations of periodic cells after control (n =49 and n =22)
versusBTP2(n=4andn=4),Cbx(n=9andn=4),Gapl9 (n=4andn=3), TTX
(n=4andn =3), Verapamil (n =4 and n = 3), Mibefradil (n =4 and n=3), U73122
(n=2andn=3),EGTA (n=2andn=3), Thapsigargin(n=2andn=3), TRAM-34
(n=5andn=35),Senicapoc(n=12andn=11), Suramin (n=8and n=4), ATP
(n=4andn=3),EGF(n=4andn=4),FGF (n=3andn=4), LatrunculinB
(n=5andn=7),and Y-27632 (ROCKI) (n =4 and n = 4) treatment invitro; see
the Supplementary Discussion for mechanistic insights and Methods for
respective concentrations; U73122, EGTA, Thapsigargin were notincluded in
(n), as there was no Ca*" activity in the presence of these drugs and therefore no
periodic cellswere detected; error barsshows.d.; ‘n’is provided for S24 and
BG5S, respectively fromn >2independent experiments per group; one-way
ANOVA, Uncorrected Fisher’s LSD (I) and Brown-Forsythe and Welch ANOVA,
Dunnett’s test (m,n). o,p, Fraction of periodic cells of all cells before and after
laser ablation; after laser ablation of random cells the number of periodic cells
increased (only significantin o) and after laser ablation of all periodic cells, the
number of periodic cells was not zero as expected, because new periodic cells
appearedintherecordings, that were, however, not able to compensate the
loss of the previous periodic cells (Fig. 3h, i, Extended Data Fig. 4f-h); S24 line
(o) and BGSline (p); n = 6 recordings (BGS5 control and random), n = 7 (S24 control;
BGS5 periodic),and n=8(S24 random and periodic) from 2 biologically
independent experiments; Mixed-effects analysis, Holm-Sidak test.
g,j—p,Dataare presented as mean values +s.e.m. ns, not significant (P > 0.05).



Extended DataFig. 3| Tumor cellnetworks have scale-free and small-world
properties, and their functional network hubs frequently display periodic
calcium oscillations invive and invitro.a—c, Mean probability distribution of
coactive cells per cell frominvitro and invivo Ca* imaging plottedinalog-log
scalewithlinearregressionfitinred and thefitted random Poissondistribution
ingreen; the grey boxindicates highly connected network hubs; Pearson
correlation.d, <> (mean number of connections per cell) and o (standard
deviation of number of connections per cell) of all recorded networks from each
condition. Forarandomnetwork with Poisson degree distribution the standard

deviation ofthe degrees follows 6 = k"?shown as ared dashed line on the figure.

Foreachnetworkoislarger thanthe value expected forarandom network with
the same <, whichleads to the manifestation of scale-free propertiesin the

networks’. e—h, Network parameters A (mean shortest pathlength) and

o (clustering coefficient) calculated for recorded networks and their
corresponding Erd6s-Rényi random networks of equal number of nodes and
edges; error bars shows.e.m.; paired two-sided t-test.a—h, n=24recordings
from 3 mice (524 invivo), n=22recordings from 9 biologically independent
experiments (S24 invitro),n=40recordings from4 mice (BG5S invivo), and
n=10recordings from 5biologically independent experiments (BG5 in vitro).
i—n, Network plot of cross-correlation coefficients larger than cut-off derived
from the same Ca* recordings of tumor cells; BG5S line invitro (i,1); S24 line invivo
(j,m); BG5line invivo (k,n);scale barsare100 um (i) and 50 pm (j, k). o—q, Ca*
transients ofindicated TM-connected tumor cells; dark red transients originated
fromaperiodiccell. ns, notsignificant (P> 0.05).



Extended DataFig. 4 |Ablation of periodically active cells reduces network
integrity. a, Fraction of periodic cells of all active cells and all network hubs in
experimental datainvivo andall cellsinscrambled data; n =24 recordings
from 3 mice (S24) and n =40 recordings from 4 mice (BG5); error bars show
s.e.m.; Mixed-effects analysis, Dunnett’s test. b, Venn diagram of active cells,
communicating cells, periodic cells, and functional network hubs; periodic
cellsare solely defined by their low peak-peak-interval variability (bright red)
and convey their effect on the network by often being highly connected network
hubs (darkred). c, Number of ablated periodic cellsand randomly chosen
active cells per FOV invitro (comparableinboth groups); n= 6 recordings

(BG5S controland random), n =7 (524 control; BG5S periodic),and n =8 (S24 random
and periodic) from 2 biologicallyindependent experiments; two-sided t-test.
d, Fraction of activated caspase-3-positive cells (i.e., cellsundergoing apoptosis)
inablated and non-ablated cells; all ablated cells were apoptotic; n= 6 recordings
pergroup from2biologically independent experiments; two-sided t-test.

e-g, Global Ca** activity and number of communicating cells per FOV of Ca*
recordings invitrobefore and1h after cell-specificlaser ablation of either no
cells (control), all periodic cells, or the corresponding number of randomly
chosenactive cells; BG5line, n = 6 recordings (control and random ablation)
and n="7recordings (ablation of periodic cells) in 2 biologically independent
experiments (e); S24 line, n = 7 recordings (control) and n = 8 recordings
(random and periodic) in2 biologically independent experiments

(f,g); one-way ANOVA, Dunnett’s test. h, Fraction of dead cells, measured as
number of PI-positive cells (dead cells) divided by DAPI-positive cells (nuclei),
24 hafter the cell-specificlaser ablation of either periodic cells (periodic), the
corresponding number randomly chosen active cells (random), or no cells
(control); S24 line; n = 6 recordings per group from 2 biologically independent
experiments; Kruskal-Wallis test, Dunn’s test. c—h, Error bars shows.d. ns, not
significant (P> 0.05).



Extended DataFig.5|KCa3.1linhibition reduces tumor cell proliferation
invitro andin human cerebral brain organoids. a, Fraction of EdU-positive
cellsafter control versus1 pM TRAM-34 and 1 M Senicapoc treatment in vitro;
n=18FOVsfrom2biologicallyindependent experiments for each group;
one-way ANOVA, Dunnett’s test. b, Fraction of dead cells, measured as number
of Pl-positive cells divided by DAPI-positive cells in control versus TRAM-34
and Senicapoc treatment invitro;n =18 FOVs from 2 biologically independent
experiments for each group; one-way ANOVA, Dunnett’s test. ¢, Global Ca**
activity andd, fraction of periodic cells of all active cellsin control versus
TRAM-34 (10 uM) treatment ina human cerebral organoid glioma model;
patient-derived human glioblastoma cell lines S24 and P3; n = 7 recordings
(524, control) from 4 organoids, n =4 recordings (524, TRAM-34) from

2organoids, and n =3 recordings (P3, controland TRAM-34) from 2 organoids,
respectively; one-way ANOVA, Dunnett’s test. e, Representative
immunofluorescenceimages, f, tumor cell density and g, fraction of
Ki67-positive tumor cellsin tumor-bearing human cerebral organoids after
14 days of control versus 1 uM TRAM-34 or 1 uM Senicapoc treatment; n =12
regionsin 6 human cerebral organoids per group; S24 line; one-way ANOVA,
Dunnett’s test (f) and Kruskal-Wallis test, Dunn’s test (g). h, and i, Fraction of
activated caspase-3-positive tumor cells (h) and neurons (i) in tumor-bearing
human cerebral organoids after 14 days of no treatment (control), DMSO
control, TRAM-34 and Senicapoc treatment; n = 6 regionsin 3 organoids per
group; S24 line; one-way ANOVA, Dunnett’s test (h) and Kruskal-Wallis test,
Dunn’s test (i). Error bars show s.e.m. ns, not significant (P > 0.05).



Extended DataFig. 6 | Genetic perturbation of KCa3.1reducesintrinsic
rhythmicity, global Ca** activity, and tumor cell proliferation. a, KCa3.1
knockout (KO; 2 different sgRNAs) versus knockout control (non-targeting
sgRNA); S24 line. For both KOs noKCa3.1signal was detected. Therefore, the
gPCRcyclelimit +1was used as the hypothetical timepoint of detection for
quantifying the relative KO of KCa3.1. b, KCa3.1 knockdown (KD) versus
knockdown control (non-targeting shRNA); S24 line. ¢, KCa3.1knockdown
(KD) versus knockdown control (non-targeting shRNA); P3 line. al-3,b1, and
cl, Relative expression of KCa3.1as determined via qPCR; n =2 technical
replicates (S24 KO control, S24 KCa3.1KO-1&-2),n=5technical replicates
from2biologicallyindependent experiments (S24 KD control, S24 KCa3.1KD),
n=3technicalreplicates (P3 KD control, P3KCa3.1KD).a4b2,and c2, Fractions
of periodic cells of all active cells in vitro. a5,b3, and ¢3, Frequencies of Ca*'
oscillations of periodic cells invitro. Note that the difference between

the groupsinb3reaches statistical significance but is minor, and thus of
questionable biological relevance. a6,b4, and c4, Global Ca* activity in vitro.
a7, Ca* traces of each cell from representative recordings; dark red: periodic
cells. a8,b5, and ¢5, Fraction of EdU-positive cells in vitro.a9,b6, and c6,

Fractions of dead cellsinvitro. a4-6,b2-4,and c2-4,n =5recordings (524 KO
control, S24 KCa3.1KO-1&-2), n = 6 recordings (524 KD control and S24 KCa3.1
KD), n=5recordings (P3 KD controland P3KCa3.1KD) from 2 biologically
independent experiments per group, respectively. a8-9,b5-6,and c5-6,
n=27FOVs (524 KO control (EdU) and S24 KCa3.1KO-1& -2 (EdU)), n =18 FOVs
(S24 KO control (dead cells) and S24 KCa3.1KO-1& -2 (dead cells)), n=45FOVs
(S24 KD control (EdU) and S24 KCa3.1KD (EdU)), n =18 FOVs (S24 KD control
(dead cells) and S24 KCa3.1KD (dead cells)), n =27 FOVs (P3 KD controland P3
KCa3.1KD) from2biologicallyindependent experiments per group, respectively.
a4-6,a8,0ne-way ANOVA, Dunnett’s test. a9, Kruskal-Wallis test, Dunn’s test.
b1-6,c1-2,and c4, two-sided t-test. c3, and ¢5-6, two-sided Mann-Whitney
test.d, Representativeimmunofluorescence images, e, tumor cell density

f, fraction of Ki67-positive tumor cells, and g, fraction of activated caspase-
3-positive tumor cells of tumor-bearing cerebral human organoids after
implantation of S24 KO control and S24 KCa3.1KO-2line; n =12 regionsin

6 human cerebral organoids pergroup (e,f) and n =6 regionsin3 human
cerebral organoids per group (g); two-sided t-test (e,g) and two-sided
Mann-Whitney test (f). Error bars show s.e.m. ns, not significant (P > 0.05).



Extended DataFig.7|See next page for caption.



Extended DataFig.7|KCa3.1drives periodic Ca> oscillations and their
proliferation-stimulating effects in glioblastoma cell networks. a—d, After
gapjunctioninhibition via MFA, pharmacological inhibition, and genetic
perturbation of KCa3.1strongly reduce the fraction of cells displaying periodic
Ca*" activity but do not affect the remaining sporadic non-periodic Ca* activity,
demonstrating a specific effect on periodic Ca* activity that - due to gap
junctioninhibition - is unlikely to be mediated by nonspecific effects on global
Ca* communication. a,b, Fraction of cells displaying periodic (a) and non-
periodic (b) Ca* activity of all cells after treatment with 100 uM MFA and with
both MFA and 1 uM Senicapoc invitro; S24 line; n =10 recordings (Control),
n=11recordings (MFA), and n =13 recordings (MFA+Senicapoc) from

2 biologicallyindependent experiments, respectively; One-way ANOVA,
Dunnett’s test. c,d, Fraction of cells displaying periodic (c) and non-periodic
(d) Ca** activity after treatment with MFA and after both genetic knockout of
KCa3.1and treatment with MFA invitro; n =5recordings (524 KO control line,
no treatment; “Control”), n = 6 recordings (524 KO control line, MFA treatment;
“MFA”), and n = 6 recordings (524 KCa3.1KO-2line, MFA treatment; “MFA+KCa3.1
KO”) from2biologicallyindependent experiments, respectively; One-way
ANOVA, Dunnett’s test.e—h, Intercellular coactivity isnot reduced in Ca*
recordings of control versus1uM TRAM-34 and 1 uM Senicapoc treatment

(e), S24 KO control versus S24 KCa3.1KO-1and KO-2 (f), S24 KD control versus
S24 KCa3.1KD (g), and P3 control versus P3KCa3.1KD (h) invitro; intercellular
coactivity was calculated by dividing the number of coactive cells of arecording
by the number of coactive cells of its corresponding null control data,
representing the overall degree to which active cells are communicating their
Ca* activity to other cells; increased intercellular coactivity after KCa3.1
inhibitor treatment might be because the strongly reduced number of periodic
cellsleadstolessinterference of different signals and therefore an evenstronger
synchronizationbetweencell pairs. e, n=11recordings (524, control treatment),
n=6recordings (524, TRAM-34), n=15recordings (524, Senicapoc),n=10
recordings (BGS, control treatment), n =7 recordings (BG5, TRAM-34), and
n=11recordings (BGS, Senicapoc) from2biologicallyindependent experiments;
Kruskal-Wallis test, Dunn’s test.f—h, n =5recordings (524 KO control,
S24KCa3.1K0-2),n=4recordings (524 KCa3.1KO-1), n= 6 recordings (524 KD
control), n=5recordings (524 KCa3.1KD), and n =5recordings (P3 KD control,
P3 KCa3.1KD) from2biologicallyindependent experiments per group,
respectively.f,One-way ANOVA, Dunnett’s test; g, two-sided t-test; h, two-sided
Mann-Whitney test. i, Representative images of cellsin adherent and spheroid
conditions; inspheroid conditions tumor cells do not form networks (j) and do
notdisplay periodic activity (I), resulting ina much lower KCa3.1 expression
(k), and therefore also do not show any Ca* activity (m). j, Number of TMs per
cellinadherent versus spheroid conditions; n =45 cells from 3 recordings from
3 biologicallyindependent experiments (adherent) and n =1087 cells from
Srecordings from 2 biologicallyindependent experiments (spheroid); two-sided
Mann-Whitney test.k, Relative expression of KCa3.linadherent versus spheroid
conditions asdetermined via qPCR; n =2 technical replicates; two-sided t-test.
1, Fraction of periodic cells and m, global Ca* activity inadherent versus
spheroid conditions; n=11recordings from 3 biologically independent

experiments (adherent) and n = Srecordings from 2 biologically independent
experiments (spheroid); S24 line; two-sided t-test. n—q, AlamarBlue proliferation
assay demonstrates that specific KCa3.1linhibition with1pM TRAM-34 and
1uMSenicapocand genetic knockout of KCa3.1reduces proliferationin
adherent conditions (n,p) but notin spheroid conditions (0,q); S24 line; n =12
measurements per group from 2 biologicallyindependent experiments; one-
way ANOVA, Dunnett’s test. r, Fraction of wild-type (WT) cells of all cells in
Ca*'recordings (Ca*") displayed in Fig. 4c-fand Extended Data Fig. 7u,vandin
recordings of the EdU proliferation assay (EdU) displayed in Fig.4g-iand
Extended Data Fig. 7w after coculturing S24 wild-type cells with S24 KCa3.1
KO-2 cells; n=9recordings (Ca*") and n =40 recordings (EdU) in 2 biological
independent experiments, respectively. s, Ca® traces fromrepresentative
recordings of S24 wild-type cells (WT), S24 KCa3.1KO-2 cells and of a co-culture
0of10% S24 wild-type cells with S24 KCa3.1KO-2 cells (10% WT); traces of wild-
type cellsare depictedinred, traces of KCa3.1knockoutcells are depictedin
green, and traces of cells displaying periodic Ca®* activity are depicted thicker
and darker; adding wild-type cellsrescues the effect of the KCa3.1knockout on
global Ca*"activity. t, Rarely detected periodic activity inknockout cells (green)
after cocultivation with wild-type cellsis due to close cupelling with periodically
active wild-type cells (red); representative Ca* traces froms. u—w, Same data
asshowninFig.4c-i, which originates fromjoint experiments with multiple
experimental groups, and is shown here in one instead of two graphs to allow
statistical comparison between the subpopulations (SP) of the co-culture and
the control conditions (WT and KCa3.1KO). Black p-valuesindicate these
comparisons and grey p-values indicate comparisons that are also depicted in
therespective main figure (Fig. 4c-i). P-values can differ here due to multiple
testing: u, Fraction of periodic cells of all cells, v, global Ca*"activity, and

w, fraction of EdU-positive cellsin recordings of S24 wild-type cells (WT), of S24
KCa3.1KO-2cells, of a co-culture of 10% S24 wild-type cells with S24 KCa3.1 KO-2
cells (10% WT) and of the subpopulations (SP) of S24 wild-type cellsand

S24 KCa3.1KO-2cellsinthe respective co-culture.u,v,n=7recordings (WT),
n=_8recordings (KCa3.1KO),and n=9recordings (Co-culture) in 2 biological
independent experiments; one-way ANOVA, Dunnett’s test (u) and Kruskal-
Wallis test, Dunn’s test (v). w,n =20 recordings in 2 biological independent
experiments for all groups respectively; Kruskal-Wallis test, Dunn’s test.

x, Fraction of wild-type (WT) cellsandy, fraction of EdU-positive cellsin
recordings of S24 wild-type cells (100%), S24 KCa3.1KO-2 cells (0%) and of a
co-culture of 3,5and 10% S24 wild-type cells with S24 KCa3.1KO-2 cells; y, for
0,3,5,an10% WT cells the fraction of proliferating KO cells is shown on the left
y-axis, for comparison the fraction of proliferating cellsin WT-monoculture
(100%) is shown on the right y-axis. While the co-culture of 5% WT cells still
significantly increases the proliferation of the KCa3.1KO, the co-culture of

3% of WT cells does not, placing the lower limit of WT cells torescue the effects
ofthe KCa3.1KO somewhere between 3-5%. Kruskal-Wallis test, Dunn’s test.
x,y,n=20recordings (0%,10%,100%), n = 6 recordings (3%),and n=9recordings
(5%),in2biologicalindependent experiments for all groups. Error bars show
s.e.m.ns, notsignificant (P >0.05).



Extended DataFig. 8| Tumor biological effects of KCa3.1 overexpression,
and further invitro characterizations. a, KCa3.1 overexpression (OE) versus
control; S24 line. b, KCa3.1overexpression (OE) versus control; P3 line.aland
b1, Relative expression of KCa3.1as determined via qPCR; n =3 technical
replicates.a2, Normalized KCa3.1immunofluorescence values of all cells

(see Methods for more details). a3, Whole-cell patch-clamp electrophysiology
of S24 cells overexpressing KCa3.1; arrows indicate glioblastoma cells
connected viagap junctions filled via the patch pipette containing Alexa 594
dye; ontherightside, I-V curves of voltage ramps between -105 mV to 55 mV
areshown before (grey trace) and after wash-in of 1 uM TRAM-34 (red trace).
TRAM-34 sensitive currents were detected in all S24 KCa3.1 overexpression
cells (n=4cells), butinnone of the control S24 cells (n = 3 cells). b2, Fraction of
periodic cells of all active cells in vitro. a4,and b3, Frequency of Ca®* oscillation
of periodic cellsinvitro.a5 and b4, Global Ca* activity invitro. a6, Ca* traces
ofeach cell fromrepresentative recordings; dark red: periodic cells.a7 and
b5, Fraction of EdU-positive cells invitro. a8, and b6, Fraction of dead cells
invitro.a2,n =1810 cells (524 OE control) and n =1532 cells (S24 KCa3.1 OE)
from 6 FOVs, respectively; a4-5,and b2-4, n =10 recordings (524 OE control),
n=11recordings (524 KCa3.10E), n =6 recordings (P3 OE control),n=7
recordings (P3 KCa3.1OE) from 2 biologicallyindependent experiments per
group, respectively.a7-8,and b5-6,n=27FOVs from 2 biologicallyindependent
experiments per group, respectively. al,a4-8,b1-2,and b4, two-sided t-test.
a2,b3,and b5-6, two-sided Mann-Whitney test. ¢, Representative Nestin and
KCa3.1double-immunostaining after Ca* recordings of the same region
invitro; arrows indicate cells that displayed periodic Ca* oscillationsin the

preceding Ca* recording; S24 line.d, Normalized KCa3.1immunofluorescence
values after calciumrecordings in periodic cells and non-periodic cells

(see Methods for more details); periodic cells show a 51.1% +11.1% (95% CI) for
S24 and 43.2% +17.0% (95% CI) for BGS5 higher fluorescence intensity than
non-periodic cells. ¢,d, n=3177 S24 non-periodic cells, n = 75 S24 periodic
cells,n=3108 BG5 non-periodic cells,and n =29 BGS5 periodic cells fromin
n=S5recordings per cell line from n =3 biologicallyindependent experiments;
Kruskal-Wallis test, Dunn’s test. e, fraction of KCa3.1"¢" tumor cells growing in
mice; n=27regionsin4 mice (S24line) and n=21regionsin 3 mice (BG5line).
f,Fraction of tumor cells with the respective number of TMs per tumor cell in
KCa3.1"&"and KCa3.1'" cells; immunostainings of tumors growing in mice;
error barsshows.d.;S24 line; n=12regionsin 3 mice; Kruskal-Wallis test,
Dunn’s test. g, Representative KCa3.1and EAU immunostainings of S24 line;
arrows indicate the KCa3.1"#" cells; dashed circles indicate the radius of

100 pmaround the KCa3.1"e" cells; n = 18 recordings from 2 biologically
independent experiments. h-k, Fraction of EdU-positive cellswith a

distance <100 pm versus >100 pm to the closest KCa3.1"¢" cell normalized
tothe fraction of EdU-positive cells of each recording; h, S24 line control
conditions,n =106 ROIs (<100 um) and n =30 (>100 pm) in 2 biologically
independent experiments, i, BG5 line control conditions, n =36 ROIs (<100 pm)
andn=12(>100 pm)in 2 biologicallyindependent experiments, j, S24 line
BAPTA-AM treatment, n=42ROlIs (<100 pm)and n =11(>100 pm) in2biologically
independent experiments,and k, BG5line BAPTA-AM treatment, n = 31ROls
(<100 pm) and n=12 (>100 um) in 2 biologicallyindependent experiments; two-
sided Mann-Whitney test. Error bars shows.e.m. ns, not significant (P > 0.05).



Extended DataFig. 9|See next page for caption.



Extended DataFig.9|KCa3.1expressionisassociated withdistinct
molecular featuresin glioblastoma. a, Double-immunofluorescence of
Nestinand KCa3.1inahumanglioblastomasample of arepresentative tumor
network region andinvasionzone; arrow indicates KCa3.1"¢" tumor cell;n =30
ROIls (tumor network) and n =30 ROIs (invasion zone) in 3 samples from
different patients. b, Ingenuity Pathway Analysis (IPA) was performed using the
differential gene expression of KCa3.1"#" versus KCa3.1'"" cellsina scRNA-seq
dataset of 28 glioblastoma by Neftel et al.*. and the differential gene expression
ofthe top versus the bottom quartile of KCa3.1expressing TCGA-GBM
glioblastoma (n =36 patients (top) and 37 patients (bottom)); scatter plotand
simplelinear regression with f-test of all activation z-scores of the upstream
regulator analysis by IPA reveals accordance between both datasets; n = 621
upstreamregulators. c—e, Ingenuity Pathway Analysis (IPA) using the differential
gene expression of KCa3.1"&"versus KCa3.1" cellsin ascRNA-seq dataset of

28 glioblastoma by Neftel etal.*. ¢, Top differentially regulated molecular and
cellular functions; therespective activation z-score is color-coded as indicated
(higher values (orange) represent an upregulationin KCa3.1"¢" cells and lower
values (blue) adownregulation); right-tailed Fisher’s exact test. d,e, Box plot
showing the activation z-scores of all differentially regulated molecular and
cellular functions associated with cell death and survival (d) and growth of
protrusions (e); n =18 (death) and n =3 (survival); two-sided t-test; error bars
shows.e.m. f,h, Ingenuity Pathway Analysis (IPA) was performed using the
differential gene expression of the top versus the bottom quartile of KCa3.1
expressing TCGA glioblastoma (n =36 patients (top) and 37 patients (bottom)).
f, Top differentially regulated molecular and cellular functions; the respective
activationz-scoreis color-coded asindicated; right-tailed Fisher’s exact test.

h, Activation z-scores of the top activated signaling pathways. g,i, Using the
differential gene expression of KCa3.1"8" versus KCa3.1'"" cellsin the scRNA-seq
dataset of 28 glioblastomaby Neftel et al.*®. and the differential gene expression
of the top versus the bottom quartile of KCa3.1expressing TCGA-GBM
glioblastoma (n =36 patients (top) and 37 patients (bottom)) a gene set
expression analysis (GSEA) of the GO-Terms “cell proliferation”, “cell-cell
signaling”, “pro-survival”, “MAPK cascade”, “NIK/NF-KAPPAB signaling”,
“calcium-dependent cysteine-type endopeptidase activity”, and “calmodulin-
dependent proteinkinase activity” was performed. j, Representative phospho-
CaMKII(Thr286) and k, MAP2 immunofluorescenceimages and
immunofluorescence values; arrows indicate cells that displayed periodic Ca*
oscillations in the preceding Ca® recording; Calpain translates high-frequency

Ca* transients into decomposition of its sensitive substrate, MAP25, The
MAP2 fluorescenceintensity therefore correlates invers with the Calpain
activity; S24 line; n =3069 cells (non-periodic, CaMKIl), n =114 (periodic,
CaMKII), n=3279 cells (non-periodic, MAP2),and n =102 (periodic, MAP2)
from 8 recordings from2biologically independent experiments, respectively;
two-sided Mann-Whitney test.l,m, Ingenuity Pathway Analysis (IPA) was
performed using the differential gene expression after control versus KCa3.1
inhibition invitro using Senicapoc; right-tailed Fisher’s exact test. I, Activation
z-score of top downregulated signaling pathways. m, Top differentially
regulated molecular and cellular functions; the respective activation z-score s
color-coded asindicated. n, Using the differential gene expression after
control versus KCa3.1linhibition invitro using Senicapoc a gene set expression
analysis (GSEA) of the GO-Terms “cell proliferation”, “cell-cell signaling”,
“pro-survival”,“MAPK cascade”, “NIK/NF-KAPPAB signaling”, “calcium-
dependent cysteine-type endopeptidase activity”,and “calmodulin-dependent
proteinkinaseactivity” was performed. 0, Representative phospho-NF-kB and
p, phospho-p44/42 MAPKimmunofluorescenceimages and normalized mean
immunofluorescence values of all cellsin the FOV invitro, S24 KCa3.1
overexpression (KCa3.10E) versus S24 OE control (Control); n=20FOVs
(KCa3.10E)and n=20FOVs (Control) from 2 biologically independent
experiments, respectively; two-sided t-test. q,r, Coculturing 10% wild-type
cellswithKCa3.1knockout cells rescues the suppressive effect of the KCa3.1KO
on NF-kBand p44/42 MAPK activity. Representative phospho-NF-kB (q) and
phospho-p44/42 MAPK (r) immunofluorescence images and normalized mean
immunofluorescence valuesof all cellsin the FOV invitro; datais shown for
S24 wild-type cells (WT), for S24 KCa3.1KO-2 cells, for a co-culture of 10% S24
wild-type cells with S24 KCa3.1KO-2 cells (10% WT) and for the subpopulation
(SP) of S24 wild-type cells and S24 KCa3.1KO-2 cellsin the respective co-culture;
NF-kB:n=18recordings from 2 biologically independent experiments for all
conditions, respectively, one-way ANOVA, Dunnett’s test; p44/42 MAPK: n =39
FOVs (WT &10%WT)and n=20FOVs (KCa3.1KO) from 2 biologicallyindependent
experiments, respectively, Kruskal-Wallis test, Dunn’s test. s, Fraction of wild-
type (WT) cellsof all cellsin recordings of theimmunocytochemistry of the
NF-kB-and MAPK-pathways displayed in q and r after coculturing S24 wild-type
cells with S24 KCa3.1KO-2 cells; n =18 recordings (NFkB) and n = 39 recordings
(MAPK) in2biological independent experiments, respectively. Error bars
shows.e.m.
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Extended DataFig.10|Relevance of KCa3.1functionality for brain tumor
progression. a, Fold change of intercellular coactivity in Ca* recordings from
controland either TRAM-34 (i.p., 120 mg/kg) or Senicapoc (i.p., 50 mg/kg)
treated mice; intercellular coactivity was calculated by dividing the number of
coactive cells ofarecording by the number of coactive cells of its corresponding
null control data; KCa3.1inhibition did not hinder cell-to-cell signaling as such,
ruling out that the reduced global Ca** activity (Fig. 6b) is solely due to
nonspecifically altered Ca** dynamics; n =8 and 11 recordingsin 4 mice for control
and TRAM-34 treatments, respectively in S24,n =14 and 6 recordingsin 4 mice
for control and Senicapoc treatments, respectivelyin S24,n=7recordingsin

4 and 3 mice for controland TRAM-34 treatments in BG5, respectively; Kruskal-
Wallis test, Dunn’s test. b, Representative time series of tumor cells (green) and
brain microvessels (red) under control conditions versus Senicapoc treatment;
arrows indicate somataof tumor cells; scale bars are 25 um. ¢, Invasion speed of
tumor cells; BG5line.b,c¢, n =49 cells under control conditionsin4 mice and
n=71cellsunder Senicapoc treatmentin4 mice; Mann Whitney test.

d, Representative immunofluorescence staining of Nestin (tumor cells) and
IBA1 (microglia) in patient-derived human glioblastoma xenografts (S24 line) in
mouse brains after TRAM-34 treatment (2x 120 mg/kg per day) versus control;
arrowheads show activated microglia and arrows show surveilling microglia
accordingto morphological criteria (see Methods for more details). e, Number
of microgliaandf, fraction of activated microglia in patient-derived human
glioblastoma xenografts in mouse brains after TRAM-34 treatment (2x 120 mg/
kg per day) and Senicapoc treatment (2x 50 mg/kg per day) versus control.
d—f,n=31FOVsin5miceforcontrolandn=38F0OVsin3 micefor TRAM-34;
n=48FOVsin4 miceforcontroland n=61FOVsin 4 mice forSenicapoc; Kruskal-
Wallis test, Dunn’s test. g, Representative immunofluorescence stainings for
Nestinand Ki67 and h, fraction of Ki67-positive tumor cells in patient-derived

human glioblastoma xenografts (524 line) in mouse brains after TRAM-34
treatment (2x 120 mg/kg per day) versus control; n =36 FOVsin 5 mice for
controlandn=28FOVsin3 mice for TRAM-34; two-sided Mann-Whitney test.

i, Representativeimmunofluorescence staining of Nestinand EdU andj, fraction
of EdU-positive tumor cells in patient-derived human glioblastoma xenografts
(BGSline) inmouse brains after Senicapoc treatment (2x 50 mg/kg per day)
versus vehicle controland invivo EdU incorporation; n =39 FOVsin4 mice for
controland n =64 FOVsin4 mice for Senicapoc; two-sided Mann-Whitney test.
k, Change intumor cell density on day 14 versus day O under control conditions
versus TRAM-34 treatment (2x 120 mg/kg per day); n =14 regionsin 4 mice
(control) and n=21regionsin4 mice (TRAM-34); Kruskal-Wallis test, Dunn’s test.
I, Number of tumor cellsand m, representative tile-scanimages of tumors
(green) and brain vessels (red) on day 14 versus day O under control versus
Senicapoctreatment (2x 50 mg/kg per day); BG5S line; n =5 mice for control
conditions and n =4 mice for Senicapoc treatment; two-sided t-test.n, KCa3.1
expression values (log2(FPKM +1)) inglioblastoma (n =230 patients), IDH-mutant
and1p/19qintactlower grade glioma (n = 241 patients), and IDH-mutant and
1p/19q codeleted oligodendroglioma (n =176 patients) from TCGA datasets;
Kruskal-Wallis test, Dunn’s test. 0, Kaplan-Meier survival plot of glioblastoma
patients of the mesenchymal gene expression subtype with the highest versus
lowest third of KCa3.1expression; the significant difference between groups
indicates that the prognostic effect of KCa3.1is not simply due toits correlation
withmesenchymal tumors, which have been associated with aworse prognosis™;
log-rank test. p, Normalized expression of KCa3.1lin different subtypes of
glioblastoma; n =49 patients (mesenchymal), n = 31 patients (proneural),n =26
patients (neural), and n =39 patients (classical). q, Schematicillustration of
main findings. Error bars shows.e.m.ns, not significant (P > 0.05).
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