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Abstract

Background Glioblastoma (GBM) stands as the most prevalent and aggressive form of adult gliomas. Despite

the implementation of intensive therapeutic approaches involving surgery, radiation, and chemotherapy,
Glioblastoma Stem Cells contribute to tumor recurrence and poor prognosis. The induction of Glioblastoma Stem
Cells differentiation by manipulating the transcriptional machinery has emerged as a promising strategy for GBM
treatment. Here, we explored an innovative approach by investigating the role of the depolarized resting membrane
potential (RMP) observed in patient-derived GBM sphereforming cell (GSCs), which allows them to maintain a
stemness profile when they reside in the GO phase of the cell cycle.

Methods We conducted molecular biology and electrophysiological experiments, both in vitro and in vivo, to
examine the functional expression of the voltage-gated sodium channel (Na,) in GSCs, particularly focusing on

its cell cycle-dependent functional expression. Na, activity was pharmacologically manipulated, and its effects on
GSCs behavior were assessed by live imaging cell cycle analysis, self-renewal assays, and chemosensitivity assays.
Mechanistic insights into the role of Na, in regulating GBM stemness were investigated through pathway analysis in
vitro and through tumor proliferation assay in vivo.

Results We demonstrated that Na, is functionally expressed by GSCs mainly during the GO phase of the cell cycle,
suggesting its pivotal role in modulating the RMP. The pharmacological blockade of Na, made GBM cells more
susceptible to temozolomide (TMZ), a standard drug for this type of tumor, by inducing cell cycle re-entry from GO
phase to G1/S transition. Additionally, inhibition of Na, substantially influenced the self-renewal and multipotency
features of GSCs, concomitantly enhancing their degree of differentiation. Finally, our data suggested that Na,
positively regulates GBM stemness by depolarizing the RMP and suppressing the ERK signaling pathway. Of note, in

fFrancesca Giammello and Chiara Biella contributed equally to this
work.

*Correspondence:
Federico Brandalise
federico.brandalise@unimi.it

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12964-024-01819-z&domain=pdf&date_stamp=2024-9-9

Giammello et al. Cell Communication and Signaling (2024) 22:434

Page 2 of 28

vivo proliferation assessment confirmed the increased susceptibility to TMZ following pharmacological blockade of

Na

v

Conclusions This insight positions Na, as a promising prognostic biomarker and therapeutic target for GBM patients,

particularly in conjunction with temozolomide treatment.

Keywords GBM, Na,, CANCER STEM CELLS, TMZ, TTX; CHEMOTHERAPY, ERK, MAPK, RESTING MEMBRANE POTENTIAL

Background

Glioblastoma (GBM) is the deadliest tumor of the central
nervous system (CNS), for which no effective cure cur-
rently exists [1, 2]. The poor prognosis of GBM arises not
only from its high rate of aggressiveness and brain inva-
sion but also from therapy resistance and tumor recur-
rence [3]. The standard of care for glioblastoma treatment
involves surgical resection followed by localized radiation
therapy and concomitant chemotherapy with temozolo-
mide (TMZ) [4, 5].

Intratumoral heterogeneity is a major contributor to
therapy failure [6]. Among the various cellular subtypes,
patient-derived GBM sphere-forming cell (GSCs) drive
tumor resistance and recurrence [7]. GSCs constitute a
population of GBM cells with self-renewal and pluripo-
tency abilities [8]. Current research is focusing on differ-
ent approaches to target GSCs and improve therapeutic
effectiveness against GBM. Cancer cells employ various
strategies to escape radio- and chemotherapy-induced
cell death [9], with the regulation of the cell cycle playing
a crucial role. GSCs can disable checkpoints, which are
activated when DNA damage occurs, leading to delayed
or arrested cell cycle progression at G1/S, S, early G2, or
late G2 checkpoints. GSCs, however, tend to stay pre-
dominantly in GO [10]. Standard therapy primarily targets
proliferative cells during G1/S transition, thus minimally
affecting GSCs and allowing relapses at the end of treat-
ments [11]. Current treatments aim to induce differen-
tiation of GSCs through the modulation of transcription
factors. However, a less explored additional mechanism
influencing cell cycle transitions is the modulation of the
resting membrane potential (RMP) [12], which sustains
a polarized state. GSCs exhibit a depolarized RMP that
correlates with a maintained stemness profile [13]. RMP
plays a crucial role in cell differentiation and proliferation
during development [14, 15], serving as a hallmark of
sustained tumor growth in cancer [16]. The oscillation of
RMP between hyperpolarization (in the G1/S transition)
and depolarization (in the G2/M and GO phase) results
from the fine-tuned up- or down-regulation of key ion
channels permeable to potassium, chloride, and, more
recently highlighted, sodium [17]. Sodium dynamics have
gained attention in other solid tumors such as prostatic,
colorectal, and breast cancers [18]. Channels permeable
to sodium (Na') have been correlated with cancer cell
invasion and metastasis [19]. However, little is known

about their role in GBM. Previous studies reported that
the acid-sensing ion channel 1a (ASIC1a), a voltage-inde-
pendent channel, negatively modulates glioma stemness
[20, 21]. Yet, there is a profound lack of investigation on
the role of voltage-gated sodium channels (VGSCs). Volt-
age-gated sodium channels are composed of the pore-
forming o subunit and the non-pore-forming p subunit.
The o subunit forms the ion-conducting pore, while the
B subunits modulate the gating properties of the chan-
nel and interact with various cellular signaling path-
ways. The P subunits are involved in regulating channel
opening frequency and recruiting downstream effectors,
contributing to the overall function and regulation of
the VGSC complex [22]. Notably, clinical investigations
have indicated a clear correlation between the expression
of voltage-gated sodium channels (Na,) and a shorter
life expectancy in GBM patients [23], yet the causal link
between Na, expression and GBM resistance and aggres-
siveness remains elusive. In this study, we elucidate how
the Na, channel functions as a gate for GSCs stemness,
maintaining the RMP in a depolarized state. We reveal
that Na, channel negatively regulates both ERK1/2 and
Akt downstream pathways, promoting GSCs persistence
in the GO phase and the expression of functional stem-
ness markers such as SOX2 and NANOG. Our findings
suggest that the modulation of Na, and downstream sig-
naling may serve as a potential therapeutic target, forc-
ing GSCs into a proliferative and terminally differentiated
state, thereby enhancing their susceptibility to gold stan-
dard glioblastoma therapy.

Methods

Human GSCs

Human primary GBM culture enriched in stem cells
(GSCs) were generated in the laboratories of Professor T.
Florio at the University of Genoa (Genoa, Italy) (GBM3,
GBM19) from neurosurgical specimens after patients’
informed consent and Institutional Ethical Committee
approval (CER Liguria number 360/2019) [24], and Dr.
R. Galli (PhD) at San Raffaele University (Milan, Italy)
(L0605, L0627, L1312). These GBM cultures were gener-
ated in compliance with the Declaration of Helsinki and
with policies approved by the Ethics Boards of Spedali
Civili di Brescia, University of Brescia (Italian Data Pro-
tection Authority Resolution #52, 24/7/2008 and DL
193/2003). The GSCs were isolated and maintained as
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previously described [25]. In brief, cells derived from
patient GBM biopsy samples were plated at clonal density
[26] in serum-free medium, containing EGF and FGF2
to sort away differentiated/differentiating cells, allowing
neural stem cells to expand and proliferate [27].

Twenty to 40 days after plating, clones resembling the
classical neurospheres were detected (early passages
10-15). Vials from this original batch had been stored in
liquid nitrogen and defrost for each experiment. These
cell lines were assessed for long-term proliferation, self-
renewal, multipotency and tumorigenicity. GSCs from
Florio’s laboratory were cultivated in suspension as
spheroid aggregates in stem cell-permissive medium (1:1
DMEM High Glucose and Ham’s F-12 Nutrient Mix-Glu-
taMAX™ - Gibco™, Thermo Fisher Scientific), enriched
with B27 supplement (Gibco™, Thermo Fisher Scientific),
10 ng/ml human basic fibroblast growth factor (bFGE,
Miltenyi Biotec), and 20 ng/ml human epidermal growth
factor (EGEF, Miltenyi Biotec). The neurospheres were
mechanically dissociated into a single-cell suspension.
GSCs from the Galli’s laboratory were cultured in sus-
pension using NeuroCult™ Basal Medium supplemented
with NeuroCult™ Proliferation Supplement (STEMCELL
Technologies). Upon GSCs neurospheres formation, they
were collected, centrifuged, and the pellet was mechani-
cally dissociated to obtain a single-cell suspension, which
was then plated to allow for the propagation of the cell
lines.

To provide comprehensive clinical annotations for
these patient-derived GSCs, we have included a table
below detailing the age, sex, mutation status, and IDH
status of the samples (Table 1).

WPMY-1 prostate myofibroblast

The WPMY-1 prostate myofibroblast cell line has been
acquired from the American Type Tissue Culture Col-
lection (ATCC, VA, USA). The DU145 and PC3 cell lines
were cultured in RPMI-1640 medium (Lonza) with 10%
FBS (Thermo Fisher Scientific) at 37 °C with 5% CO,.
WPMY-1 cells were cultured in DMEM (Lonza) with 10%
FBS (Gibco, Thermo Fisher Scientific Inc.).
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U87 human Glioblastoma cell line

U87 human Glioblastoma cell line was cultivated in
adhesion in DMEM High Glucose (Sigma-Aldrich) with
10% FBS (Thermo Fisher Scientific) and 0.01% Pen/Strep
and maintained at 37 °C in 5% O2 and 5% CO2. These
cells were detached using trypsin-EDTA, collected, cen-
trifuged and replated after reaching confluence.

GL261 murine glioma cell line

GL261 murine glioma cell line, kindly provided by Dr. R.
Galli, was cultivated in adhesion in DMEM High Glucose
(Sigma-Aldrich) with 10% FBS (Thermo Fisher Scientific)
and maintained at 37 °C in 5% O2 and 5% CO2. These
cells were detached by scraper, collected, centrifuged and
replated every 2 days.

FUCCI plasmid mechanism of action

To generate GSCs expressing the Fluorescence Ubiq-
uitin Cell Cycle Indicator (FUCCI) system stably, we
acquired and utilized the pBOB-EF1-FastFUCCI-Puro
plasmid (Addgene plasmid #86849). The FUCCI system
comprises two fluorescent polypeptides that undergo
ubiquitination and degradation by the proteasome in
a cell cycle-dependent manner. FUCCI cells exhibit red
fluorescence in the G1 phase, orange/yellow hue upon
transitioning into S-phase, and green fluorescence in
late S-phase. The green fluorescence persists through
G2-phase and mitosis, where, during anaphase, the green
probe undergoes degradation. Specifically, the FUCCI
system leverages the phase-dependent characteristics of
replication licensing factors Cdtl and Geminin. A fusion
protein of a fragment of Cdtl (amino acids 30-120) with
the fluorescent protein monomeric Kusabira-Orange 2
(mKQO?2) serves as an indicator of the G1 phase. Addition-
ally, a fusion protein of a fragment of Geminin (amino
acids 1-110 or 1-60) with the fluorescent protein mono-
meric Azami-Green 1 (mAG1) enables visualization of
the S, G2, and M phases.

Table 1 Clinical annotations for the patient-derived GSCs investigated

Patients’ and tumors’

features
Code Sex Age Location Primary/ WHO grade Molecular IDH and NOD/SCID  Ki67
(yrs) Recur. Subtype 1p/19g co-  mice sur- (%)
deletional  vival time
status (days)
GBM3 M 48 N/A P % Proneural N/A 120 N/A
GBM19 F 41 N/A N/A IV (secondary to Mesenchymal N/A 100 N/A
oligodendroglioma)
L1312 N/A 59 Fronto-tempo-parietal P v Mesenchymal N/A N/A 35
L0627 N/A N/A N/A P v Classical N/A N/A N/A
L0605 N/A N/A N/A P % Proneural N/A N/A N/A
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Lentivirus production and infection

Plasmids encoding different portions of the viral struc-
ture, together with pBOB-EF1-FastFUCCI-Puro plasmid,
were stably transfected in HEK293T cells using a Cal-
cium Phosphate precipitation-based method. Once the
lentivirus was produced, GSCs were plated in p35 Petri
dishes to reach 50% confluence on the day of infection.
Just before infection, Polybrene (Sigma-Aldrich, Cat.
No. TR-1003) was added to the viral medium at a final
concentration of 8 pg/ml. The cell growth medium was
replaced by the viral one and incubated for 18-20 h.
After incubation, the medium was substituted with a
fresh one and the cells were checked under the fluo-
rescence microscope to determine if they were already
expressing the construct of interest. Cells have then been
sorted for both green and red fluorescence positivity to
select homogeneous and stable cell line.

Cell plating and proliferation assay

Cells at TO were plated in 24-wells multiwell plates,
with at least 3 replicates for each time point (24, 48, 72,
96 h); after passaging and counting cells, 20,000 cells
were plated in each well with 0,5 mL of fresh growth
medium. For each time point, cells were collected from
plates, centrifuged at 1,000 x g for 8 min and the pellet
was resuspended in 90 pL of TryPLE™ Select (Thermo
Fisher Scientific). Then, resuspended cells were counted
using the following protocol: after being centrifuged and
resuspended in new fresh growth medium, 25 pL of cells
were collected and mixed in a 1:1 ratio with Trypan Blue
0,4% (Sigma-Aldrich) for the staining of dead cells; 10uL
of the cells treated with Trypan Blue were positioned in
glass Countess™ II FL Reusable Slides (Thermo Fisher
Scientifics) to perform cell counting using the Countess™
II FL automated Cell counter (Thermo Fisher Scientifics).
A growth curve comprising the average number of cells
for each time point was then built.

For the experiments involving the TMZ (Sigma-
Aldrich) 3 uM treatment for 288 h, fresh growth medium
containing 3 pM TMZ was added every 72 h.

The TTX (HelloBio) 30 uM treatment was performed
72 h before starting the proliferation assay if not differ-
ently stated.

The following reagents were tested: temozolomide
(Sigma-Aldrich), tetrodotoxin (HelloBio), riluzole (Hel-
loBio), carbamazepine (Tocris Bioscience), rufinamide
(HelloBio), ranolazine (Tocris Bioscience).

Preparation of three-Dimensional (3D) GSCs cultures and
proliferation progression assessment

Three-dimensional GSCs organoids were generated fol-
lowing established procedures [28]. In brief, a suspension
of 5000 cells was prepared in ice-cold Matrigel™ and dis-
pensed onto parafilm molds in 20uL droplets. The molds
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were then incubated at 37 °C for 30 min. Subsequently,
the droplets were delicately detached from the molds and
transferred to 6-well plates containing complete medium,
followed by incubation in a 5% CO,. environment at
37 °C. The morphological development of organoids
was monitored until dense aggregates formed, typically
within 7-10 days.

To assess GSCs organoids progression, the multiwell
was placed every day at the same time under an ImageX-
press Micro Confocal system (Molecular Device). Z-stack
acquisition was performed in a bright field configuration
(picture acquisition every 160 pum). The surface of the
GSCs organoids was assessed. The following conditions
were applied: control (CTR), TTX 30pM, TMZ 3uM,
TTX 30uM+RB5 25puM+TMZ 3puM, riluzole 20pM,
riluzole 20pM +TMZ 3uM. All drugs were included 24 h
before the acquisition.

At the end of the experiment the GSCs organoids were
lysed after being detached from the multiwell through
addition of Trypsin-EDTA 1X in PBS (Euroclone) to each
well. Samples were incubated at 37 °C for 15 min and
then centrifuged at 1,100 x g for 5 min at room tempera-
ture. The supernatant was removed, and the pellet was
resuspended in PBS 1X, then a second centrifugation was
performed at 1,100 x g for 5 min at room temperature.
These following steps were performed in ice: the super-
natant was removed, and the pellet was resuspended
in cold RIPA buffer (Thermo Fisher Scientifics) added
with proteases and phosphatases inhibitor cocktail 1X
(Thermo Fisher Scientifics). Samples were vortexed every
10 min for 3 times. Samples were sonicated for 15 min
intermittently and centrifuged at 13,000 x g for 15 min at
4 °C; finally, supernatants were collected.

Clonogenic and neurosphere assay

The clonogenic assay (or colony formation assay) is an in
vitro cell survival assay that measures the ability of single
cells to grow into colonies. The reproductive capacity of
cells (defined by the number and diameter of colonies)
can be compared before and after specific treatments.
Adhered cells were plated in 6-well plates, each well con-
taining 300 cells in 2 mL of fresh growth medium. Cells
were then incubated at 37 °C for a minimum of 10 days,
to allow optimal growth of the colonies. The growth
capacity of GSCs was thus compared between control
condition and following 72 h pre-treatment with TTX 30
uM. After 11 days cells were fixed using ice-cold metha-
nol and colonies were colored with Crystal Violet (CV)
0,1% (PanReac AppliChem) to evaluate the number and
diameter of colonies obtained in different conditions.
Colonies were counted and their diameter was quantified
with respect to a reference measure unit using the Image]J
software in 8bit or 16bit format.
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MTT assay

GSCs cell viability was measured using the MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay to determine whether the drugs applied
to the cells were used at non-toxic concentrations.
Briefly, cells were seeded in a 96-well plate at a density
of 10,000 cells/well (0.2 mL medium per well) and incu-
bated at 37 °C, 5% of CO, for 24 h. The following day, the
culture medium was replaced with fresh medium added
with the drug of interest. For the control condition, cells
were incubated with only the culture medium. 72 h after
exposure, 20 pL of MTT solution (HelloBio) was added
to each well; this operation was performed in the dark,
and the plates were subsequently incubated for 3 h at
37 °C. Then, cell viability was assessed by measuring the
samples’ absorbance at 550 nm using the PerkinElmer
Multimode Plate Reader (PerkinElmer Inc., Waltham,
Massachussetts, USA).

RT2 profiler PCR arrays test

According to the manufacturer’s instructions, total RNA
was extracted from the GSCs using the Monarch Total
RNA Miniprep Kit (Biolabs). RNA purity was measured
by optical density and only samples with an OD 260/280
ratio ranging between 1.8 and 2 and an OD 260/230
greater or equal to 1.8 were used.

Reverse transcription was performed by using the All-
in-One™ First-Strand cDNA Synthesis kit (GeneCopoeia,
USA) under the following reaction conditions: 42 °C
for 60 min and 70 °C for 5 min. The cDNA was used on
the real-time RT2 Profiler PCR Array (QIAGEN, Cat.
no. PAHS-176ZA-330231) in combination with RT2
SYBR°Green qPCR Mastermix (Cat. no. 330231). Each
array plate contained one set of 96 wells for testing.
Genomic DNA contamination, reverse transcription, and
positive PCR controls were included in each 96-well set
on each plate. Glyceraldehyde-3-phosphate-dehydro-
genase (GAPDH) was used as the assay reference gene.
Cycle threshold (CT) values were copied to an Excel file
to build a table of CT values, which then was transferred
onto the dedicated data analysis web portal at http://
www.qiagen.com/geneglobe. Samples contained con-
trols and test groups. CT values were normalized based
on Automatic selection from a full panel of reference
genes. The relative gene expression was calculated using
the 2744¢T quantitative method and normalized with
the housekeeping GAPDH. For the RT2 Profiler PCR
Array the p-value was calculated based on a Student’s
t-test. Changes in mRNA level for evaluated genes were
assessed in all groups in relation to the control group.

Whole cell patch clamp
Whole cell electrophysiological recordings were per-
formed on patient-derived primary cultures enriched
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in GSCs to record Na,-mediated current. Cells were
recorded while suspended, in a bath solution containing
(in mM): NaCl 140, KCl 5, Hepes 10, glucose 5, CaCl, 2,
MgCl, 1, pH 7.4. Glass borosilicate pipettes were filled
with (in mM): KCI 135, NaCl 10, Hepes 10, MgCl, 1,
EGTA 1, CaCl, 0.1, pH 7.2.

To isolate the Na,-mediated current in voltage clamp
configuration, a series of voltage steps, 500ms long, were
delivered to the cell, from —70mV to +120mV with an
increment of 10mV. The passive properties of the cell
(including membrane resistance and capacitance) were
measured by hyperpolarizing the cell from —70 to -80mV
at the beginning of the step protocol [29, 30]. Transient
inward current was calculated on the peak subtracting
the baseline leak currents. Current density (pA/pF) was
calculated as the ratio between the peak current recorded
at +20 mV and the capacitance of the cell. Inward current
density was reported as a positive value [31, 32].

The holding potential was set according to the resting
potential of the cells (between —40 and —80 mV). TTX
1uM was bath-perfused to abolish the recorded inward
current thus confirming its identity. Additionally, QX-314
500 uM was dialyzed intracellularly to isolate the Na,-
mediated current from other ionic currents, measured
by mathematical subtraction of the residual current from
the control. The organic cation N-methyl-D-glucamine
(NMDG) was used to replace extracellular sodium in
some experiments. Electrophysiological analysis and sta-
tistics were performed using Clampfit 10.6 (Molecular
Devices) and OriginPro 9.1.

Time lapse fluorescence imaging

To track the progression of the cell cycle in control con-
dition and in the presence of TTX, cells were plated on
black, Matrigel-coated 96-well plates that were then
placed under an ImageXpress Micro Confocal system
(Molecular Device). Pictures were taken at specific time
intervals using a 20x Plan Apo objective, fractioning each
well into 20 fields of view (FOVs). At each time point,
cells were imaged for brightfield (48ms, 20% laser power),
then FITC (105.26ms, 25% of 50% laser power, FL shad-
ing only) and finally TRITC (46.92ms, 50% of 50% laser
power, FL shading only). Image acquisition was stopped
after 56 h. Time-lapse analysis was performed within
the Custom Module Editor of MetaXpress® High-Con-
tent Image Acquisition and Analysis Software (“Custom
Cell Cycle-20210928 — FUCCI”). A cell was considered
as labeled when its average fluorescent amplitude was
greater than two times the s.d. of the background noise.
Non-labelled cells were selected automatically by the
Analysis Software based on the morphological criteria
and persistence in the field of view for at least 20 min. The
experiment was replicated 3 times, each time with n=6
wells for the control condition and n=6 for 72 h-TTX
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pretreated wells. An average of 40 cells for each FOV was
analyzed for a total of ~ 14,400 cells for condition.

Western blot

Cell lysates were prepared either through the addition of
a lysis buffer (LB) at 100 °C composed of 25mM Tris-HCl
pH 6.8 (Sigma-Aldrich), 4% SDS (Euroclone), 20% Glyc-
erol (Sigma-Aldrich) in deionized water, or through the
addition of an ice-cold lysis buffer composed of 20mM
Tris-HCI pH 8 (Sigma-Aldrich), 137mM NaCl (Sigma-
Aldrich), 2mM EDTA (Sigma-Aldrich), 10% Glycerol
(Sigma-Aldrich), and 1% NP-40 (Sigma-Aldrich), added
with proteases and phosphatases inhibitor cocktail 1X
(Thermo Fisher Scientific). Samples were sonicated for
15-20 min and centrifuged at 10,000 x g for 10 min;
supernatants were collected, and the protein extracts
were quantified using the Micro BCA™ Protein Assay Kit
(Thermo Fisher Scientific).

Protein extracts (30 pg) were combined with NuPAGE
LDS Sample buffer 4x(0,5 M Tris-HCl, 40% Glycerol,
10% SDS, 0.04% Bromophenol Blue, Thermo Fisher Sci-
entific) and heated at 95 °C for 3 min. Samples were then
loaded onto an SDS-PAGE and run at constant voltage
for 1-2 h. Separated proteins were transferred by Blotting
System (Bio-Rad) to a nitrocellulose membrane (Amer-
sham Protran, GE Healthcare) with 0.45 um pore size
and probed, in different combinations, with the following
specific antibodies: rabbit 1:1000 anti-Vinculin (Sigma-
Aldrich, Cat. No. V9131); rabbit 1:1000 anti-Tubulin (Cell
Signaling, Cat. No. 2125 S); rabbit 1:1000 anti-SOX2,
rabbit 1:1000 anti- C-MYC, rabbit 1:1000 anti-NANOG,
rabbit 1:1000 anti-OCT4, rabbit 1:1000 anti-KLF4, rab-
bit 1:1000 anti-LIN28A (Cell Signaling, Cat. No. 9093);
rabbit 1:1000 anti-MKi67 (Aviva Systems Biology, Cat.
No. OOANO03278); rabbit 1:1000 anti-METRN (Aviva
Systems Biology, Cat. No. OACD05531); rabbit 1:1000
anti-mTOR (Cell Signaling, Cat. No. 2983), rabbit 1:1000
anti-PHOSPHO-mTOR (Ser2448) (Cell Signaling, Cat.
No. 2971); rabbit 1:1000 anti-PI3K p85a (ELK Biotech-
nology, Cat. No. EA206), rabbit 1:1000 anti-PHOSPHO
p85-p55 PI3K (Y467/199) (ELK Biotechnology, Cat. No.
ES6591); rabbit 1:1000 anti-p44-42 MAPK (ERK1/2)
(Cell Signaling, Cat. No. 9102), rabbit 1:1000 anti-PHOS-
PHO p44-42 MAPK (T202/Y204) (Cell Signaling, Cat.
No. 9101); mouse 1:1000 anti-GFAP (ValidAb™, Cat. No.
HB8267); mouse 1:1000 anti-BIII Tubulin (ValidAb™, Cat.
No. HB6639); mouse 1:4000 anti-GAPDH (ValidAb™,
Cat. No. HB9177); rabbit 1:3000 anti-Calnexin (Genetex,
Cat. No. GTX13504). Membranes were incubated O/N at
4 °C with primary antibodies, then 1 h with the second-
ary antibody, conjugated with HRP.

Membranes were then incubated with
LiteAblot®TURBO (EuroClone) for 1 min in the dark
and bands were detected using the ChemiDoc Touch®
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imaging system (BioRad). The obtained bands were
quantified by densitometry using Bio-Rad ImageLab 6.1
software.

Immunofluorescence evaluations

Human GSCs

Control and treated cells were grown on coverslips
(22 mm x 22 mm), placed in cell culture dishes (35 mm
x 10 mm) until 90% confluence, fixed with 4% formalin
(20 min), and post-fixed with 70% ethanol at -20 °C for
at least 24 h. The samples were rehydrated for 10 min in
PBS and then incubated with 1% Bovine Serum Albumin
(BSA) to block nonspecific binding sites. Subsequently,
the cells were immunolabeled using the following pri-
mary antibodies: mouse anti-Pan-Na, sodium chan-
nel (1:500, Antibodies Incorporated, Cat. No. 75-405),
the rabbit anti-pan-Na, sodium channel (1:250, Sigma
Aldrich, Cat. No. S6936), the human anti-E-Cadherin
(1:200, Dako, Cat. No. M3612), the rabbit anti-SOX2
(1:700, Cell signaling, Cat. No. 3579), the rabbit anti-
NANOG (1:100, Cell signaling, Cat. No. 3580), rab-
bit anti-MKi67 (1:250, Aviva Systems Biology, Cat. No.
OOANO03278); the rabbit anti-Olig4 (1:200, Merk-Milli-
pore, Cat. No. MAB345); the rabbit anti-METRN (1:100,
Aviva Systems Biology, Cat. No. OACD05531) diluted in
PBS (Sigma-Aldrich) for 1 h at RT in a dark, moist cham-
ber. Then, the cells were washed with PBS and incubated
45 min with goat anti-mouse IgG (H+L) highly cross-
adsorbed secondary antibody, Alexa Fluor Plus 594,
mouse anti-human IgG (H+L) highly cross-adsorbed
secondary antibody, Alexa Fluor Plus 594 and goat anti-
rabbit IgG (H+L) highly cross-adsorbed secondary anti-
body, Alexa Fluor Plus 488 diluted 1:200 in PBS (Thermo
Fisher Scientific). DNA counterstaining was performed
using 0.1 mg/mL Hoechst 33,258 (Sigma-Aldrich). Lastly,
cells were mounted with a drop of Mowiol (Calbiochem-
Inalco) for microscopy visualization. Sections were
examined using a Leica DM6B WF microscope (Leica
microsystems), images were captured with an ORCA-
Flash4.0 V3 Digital CMOS camera C13440-20CU (Ham-
amatsu Photonics), and Image] software (Version 1.51)
was used to measure the mean optical density (OD) (ratio
of the mean of immunofluorescence intensity on the cell
surface). To prevent potential discrepancies in results
caused by slight procedural variations, all immunostain-
ing reactions were simultaneously performed and, as a
control, some sections were incubated without primary
antibodies, using only PBS; any immunoreactivity was
observed under this condition.

For each condition, 11 quadrants (about 50 cells) were
evaluated for random analysis. Single channel images
were analyzed in grayscale, where the minimum value
was 0 (black) and the maximum value was 255 (white).
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Alternatively, spheroids were fixed in 1% parafor-
maldeide (PFA) for 30 min at RT, washed 2X with PBS
and stored at 4 °C in PBS. Then, spheroids were gently
manipulated with a cut sterile p1000 pipette tip and cryo-
protected O/N in 30% sucrose/PBS at 4 °C. The follow-
ing day, organoids were embedded in OCT compound
(Bio-Optica) and snapped frozen in dry ice. 20 um sec-
tions were serially cut using a cryostat and collected on
Superfrost plus slides for immunofluorescence analysis.
Samples were washed in PBS for 5 min and blocked in
1% BSA for 1 h, at RT, followed by overnight incubation
using abovementioned primary antibodies. Then, organ-
oids were washed in PBS for 5 min each and incubated
for 1 h with secondary antibodies. Nuclei were stained
with 0.1 pg/mL Hoechst 33,258 (Sigma Aldrich). After
washing with PBS for 5 min, coverslips were mounted
with Mowiol (Calbiochem). The images acquisition and
analysis were performed as abovementioned.

GBM biopsies imaging
Sections of human GBM biopsies already fixed in PFA
4%, were kindly provided by the IOV (Istituto Oncologico
Veneto, Padova, IT). Immunostaining was performed to
detect the expression of Na, channels and GSC stem-
ness markers in these biopsies. The stained sections were
then imaged using a confocal microscope. Images of the
immunostained human GBM biopsies were acquired
using the TCS SP8 X confocal microscopy system (Leica,
Wetzlar, Germany) at the Centro Grandi Strumenti
(CGS) of the University of Pavia. The imaging was con-
ducted with the following settings: for Na,-Pan, the
excitation peak was at 480 nm and the emission at 500—
550 nm; for GSC stemness markers, the excitation peak
was at 647 nm and the emission at 660—780 nm. A 40X
oil immersion objective (NA=1.3) was used for imaging.
The following primary antibodies were used for immu-
nostaining: mouse anti-pan-Nav sodium channel (1:250,
Sigma Aldrich, Cat. No. S6936), rabbit anti-SOX2 (1:700,
Cell Signaling, Cat. No. 3579), and rabbit anti-CD133
(1:200, Cell Signaling, Cat. No. 60577). GBM biopsy sec-
tions were incubated with primary antibodies against
pan-Nav sodium channel, SOX2, and CD133 at the speci-
fied dilutions. Nuclei were.

stained with 0.1 pg/ml Hoechst 33,258 (Sigma-
Aldrich). Following primary antibody incubation, appro-
priate Alexa Fluor 488 and 647 secondary antibodies
conjugated with fluorescent dyes (1:200, Thermo Fisher
Scientific) were applied. Confocal images were acquired
with the specified settings for excitation and emission
peaks using the TCS SP8 X confocal system.

We have included below a table with the clinical infor-
mation for human tumor tissues (Table 2).

Table 2 Clinical annotations for the human tumor tissues investigated

Primary/ Recurr. WHO grade Molecular Subtype IDH and 1p/19q co-del. status Ki67 (%) MGMT IDH Dead/Alive Overall survival (months)

Code Sex Age atdiagnosis Location

15
23

WT Dead

WT  Alive
Unmet WT Dead

37%

N/A
N/A
N/A

N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A

v
v
v
v

P

Fr. lobe L

58
47

Met

Occ.lobel P

28
33

Encephalon P
Fr. lobe L

47

WT  Alive

55%

N/A

P

48
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Establishment of the mouse allograft model of TMZ
sensitivity

Glioma induction: Adult C57BL/6] mice were housed
under a 12-hour light/dark cycle with food and water
available ad libitum. All experimental procedures
adhered to the relevant guidelines and were approved
by the Italian Ministry of Health (protocol number
981/2020PR). Animals were randomly allocated to exper-
imental groups. GL261 cells were cultured as described
above. One experimental mice group was stereotactically
injected with 40,000 GL261 cells (20,000 cells/ul PBS
solution) that had been treated for 72 h with Tetrodo-
toxin (TTX, HelloBio, 30 uM in DMEM), while another
group was injected with untreated GL261 cells. Injections
were targeted to the forelimb motor cortex (coordinates
from bregma: 1.75 mm lateral to the midline, 0.5 mm
anterior [33] using a Hamilton syringe, and an automated
pump (KdScientific, US) at a depth of 0.9 mm from the
pial surface.

Temozolomide administration: Following the in vivo
injection of GL261 cells, TMZ treatment began the day
after cell injection. TMZ was dissolved in a solution of
25% of Dimethyl Sulfoxide (DMSO, Sigma Aldrich, USA)
made in saline. TMZ was administered via a single daily
intraperitoneal (i.p.) injection for tumor treatment to
both experimental groups. For the intraperitoneal injec-
tions, a stock TMZ solution (4 mg/ml in 25% DMSO/
saline) was prepared. The effective dose was 40 pg of
TMZ per gram of body weight, corresponding to 10 pl of
TMZ stock per gram of animal weight. Mice were sacri-
ficed 2 weeks after tumor induction [34, 35].

Immunohistochemical analyses: Two weeks following
tumor induction, mice were transcardially perfused with
phosphate-buffered saline (PBS, Sigma Aldrich, USA)
followed by a fixative solution containing 4% parafor-
maldehyde in 0.1 M sodium phosphate buffer (pH 7.4).
The brains were then dissected, post-fixed for 2 h at 4 °C,
cryoprotected in 30% sucrose, and subsequently fro-
zen. Coronal sections of 50 um thickness were obtained
using a sliding microtome (Leica, Germany). The sections
were stained with Hoechst dye (#B2883; 1:500; Bisbenz-
imide, Sigma Aldrich, USA) for nuclei visualization and
tumor size quantification, and with Ki67 (Abcam 16667;
1:400) to indicate proliferating cells, following antigen
retrieval with citrate buffer (pH 6, 10 mM) for 30 min at
80 °C. Tumor volume for each animal was calculated by
summing all damaged areas and multiplying by the sec-
tion thickness and the spacing factor. Fluorescent images
were acquired using a Zeiss Axio Observer microscope
equipped with a Zeiss AxioCam MRm camera (Carl
Zeiss Microlmaging GmbH, Germany). Images for each
slice were captured with a 10x objective and stitched into
a single composite image using Zen Blue Edition soft-
ware (Carl Zeiss Microlmaging GmbH, Germany). For
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the evaluation of the proliferation index, high-magnifi-
cation single z-stack images were acquired using a Zeiss
Airyscan Confocal Microscope (Carl Zeiss Microlmag-
ing GmbH, Germany) equipped with a 40x oil objective.
Cells labeled with Ki67 and Hoechst were counted using
the Cell Counter (Image] software). The proliferation
index was calculated as the proportion of Ki67-positive
cells relative to the total number of Hoechst-labeled
cells. This analysis was performed in three distinct fields
of view for each of the three coronal slices representing
the central region of the brain tumor. Typically, GL261-
injected cells occupy a different z-plane compared to
brain neurons.

Behavioral tests: The body weight of the mice was mon-
itored daily to detect weight loss during tumor develop-
ment. Three different behavioral tests were administered:
the grip strength test to evaluate forelimb strength, the
grid walk test to assess motor behavior [35], and the tail
suspension test to measure depressive-like states. The
experimental protocol for characterizing the motor glio-
blastoma model included a baseline assessment (day 0)
and subsequent evaluations on days 3, 6, 10, and 13. To
evaluate changes in behavior following tumor induction,
the results of each test on the various days were normal-
ized to the baseline performance. In the grip strength
test, a peak amplifier automatically measured the peak
pull-force achieved by the animals’ forelimbs [36]. The
cage mobility test was performed for 5 min (or for grid
walk task, mice were placed on a wire mesh for 5 min),
and the total distance traveled (in centimeters) was mea-
sured using a personally developed computerized system
for background subtraction, centroid identification, and
tracking. Additionally, the tail suspension test was con-
ducted for 6 min. Immobility time was measured during
the final 4 min, as nearly all mice attempt to escape dur-
ing the first 2 min. The total amount of immobility time,
defined as the period during which the animal is hanging
passively and motionless, was measured for each animal
and considered an index of “depression-like” behavior
[37].

Statistical analysis

All data are expressed as mean*SEM. No data was
excluded from analysis. To confirm a normal distribution
of the dataset, a QQ plot was generated, and the Shapiro-
Wilk test was performed for each pool of data. If a normal
distribution was not confirmed, a nonparametric test was
performed. Wilcoxon rank-sum test was used to compare
two independent samples for non-normal distributions;
Wilcoxon signed-rank test was used to conduct a paired
difference test of repeated measurements on a single
sample to assess whether their population mean ranks
differ. Mann-Whitney Test was applied to compare sig-
nificance between two sample means that come from the
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(See figure on previous page.)

Fig. 1 Expression of SCN1A is associated with worse survival in glioblastoma patients and correlates with GSCs markers: (A) Pooled data for the 288-hours
proliferation assays of proneural GSCs in the control condition (circles) and in the presence of TMZ 3uM (squares). Inset: the same pool of data but for the
time window zoomed in the interval from 0 to 96 h. (B) Average |-V Plot from — 70 mV to 70 mV acquired in whole-cell patch clamp showing a significant
inward current upregulation in TMZ-resistant cells (b, TMZ 3uM) compared to non-treated cells (a, Control). Inset: representative inward current traces re-
corded at + 10 mV for the two conditions. (C) Sensitivity to TTX and QX-314 revealed the nature of the recorded inward current. On top, the Na,-mediated
nature of the current was assessed with bath perfusion of the specific blocker Tetrodotoxin (TTX 1uM). Representative trace in control (black) and after
TTX perfusion (red). On the bottom, the Na, -mediated current was also tested with intracellular dialysis of the lidocaine derivative QX-314 500 uM, which
blocks the channel from the cytosolic compartment. Representative traces in control (black) and after QX-314 dialysis (red) are also displayed. After both
treatments, the inward current was significantly abolished, thus confirming the current’s identity. On the right, average pool data for all the recorded cells
in control, with TTX and QX-314 perfusion. (D) Immunoreactivity to the Pan-Na, antibody (green channel), E-Cadherin antibody (red channel) and nuclear
staining (Hoechst, blue channel) in control condition (CTR) and after 288 h TMZ 3 uM treatment. Scale bar is 50 um. (E) Optical density (OD) violin plots
illustrating single-cell measurements in CTR condition and after 288 h TMZ 3 uM treatment (upper panel). Pool data for the percentage of cells positive to
Na, for the two conditions (lower panel).(F) Bulk analysis of SCNTA mRNA expression levels in three different GBM subtypes. (G) Whole-cell electrophysi-
ological recordings were performed on different subtypes of GSCs, and the Na,-mediated current was recorded. On the top, representative traces are
recorded at different holding potentials from a proneural line. The corresponding voltage steps applied are displayed. On the bottom, the average |-V plot
from —70 mV to 70 mV for all the proneural recorded primary cell lines. (left) Recordings of adherent and suspended proneural GSCs. (right) Recordings
of the classical and mesenchymal cell line. (H) Kaplan-Meier survival curve of GBM patients with a proneural subtype. The cut-off was set at 7.7 (log2). (1)
SCNTA mRNA expression level positively correlates with some stemness markers. The slope value of the linear fitting and the significance of the correla-
tion are displayed. Conversely, SCNTA negatively correlates with markers associated with proliferation and differentiation. (J-L) Immunohistochemical
staining for different GSC markers (CD133, SOX2) and Nav in various GBM patient biopsies. Panels a and b show representative images of staining for
Hoechst and the GSC marker, and Hoechst and Nav, respectively. Panel ¢ shows the merge of the previous two panels. Scale bar is 20 um. Panel d shows

a more defined FOV taken from panel c. Scale bar is 20 um. The white arrows indicate cells positive for both Nav and the GSC markers

same population. Repeated-measures ANOVA, between-
subjects factors ANOVA, mixed-factors ANOVA, were
used to test for statistical differences between multiple
experimental conditions. Tukey’s multiple comparison
test was used to determine which means amongst a set of
means differ from the rest. Statistical analyses were per-
formed using Prism (GraphPad Software Inc) or Origin
2021 (OriginLab) and considered significant if p<0.05.
Power analyses were performed using G*power.

Results

Na, upregulation is observed in TMZ-resistant GSCs

and it is associated with reduced survival and increased
expression of stemness markers expression in GBM
patients

TMZ constitutes the standard therapy for GBM, but in
most patients a relapse occurs after prolonged admin-
istration due to gained resistance to the treatment [38].
To model GBM tumor relapse in vitro, we maintained
cultured GSCs [39] under a suboptimal concentration
(3uM, Supplementary Fig. 1A) of the chemotherapeu-
tic TMZ for up to 12 days (288 h). We measured cell
growth in terms of number of cells (Fig. 1A), in control
condition (blacks) and in the presence of TMZ 3uM
(blue). As expected, the total cell number was signifi-
cantly reduced (p=0.015, Two-way ANOVA) from 72 h
(Fig. 1A insert) to 216 h in the presence of TMZ (72 h
control: 2.36+0.09x10° cells; 72 h TMZ: 1.20+0.14x10°
cells; n=4; p=0.011, Tukey’s multiple comparisons
test; 216 h control: 27.30+0.30x10° cells; 216 h TMZ:
16.16+£0.72x10° cells; n=4; p<0.0001, Tukey’s mul-
tiple comparisons test), suggesting that TMZ treat-
ment effectively impacted cell proliferation in vitro.
However, GSCs resumed an exponential growth after

216 h (288 h control: 55.81+£1.89x10° cells; 288 h TMZ:
50.38+1.33x10° cells; n=4; p=0.031, Tukey’s multiple
comparisons test; Fig. 1A), showing reduced sensitivity to
the chemotherapy. Consistently, the number of dead cells
was higher in TMZ condition until 216 h but decreased
at 288 h, compared to control (Supplementary Fig. 1B).
To investigate the cellular mechanism of chemotherapy
resistance, we compared the repertoire of membrane
channel conductances before and after TMZ treatment
using whole-cell patch clamp (Fig. 1B). GSCs responded
to prolonged TMZ exposure with a robust upregulation
of an inward current, reaching its peak upon depolariza-
tion to +10 mV, from a holding potential of -70 mV (con-
trol: 4.1+1.1 pA/pF, n=12, black trace; TMZ: 8.8%+0.6
pA/pE, n=10, blue trace; p=0.0051, Mann-Whitney
test). This effect was not dependent on the time spent by
the GSCs in the medium (Supplementary Fig. 1C). This
inward current, both in control and in TMZ-resistant
GSCs, had a reversal potential around +55 mV and was
abolished by Tetrodotoxin (TTX, 1 uM) bath perfusion
(control: 7.2£2.4 pA/pF, n=8, black trace; TTX: 2.1+£0.9
pA/pE, n=38, red trace; p=0.0078, Wilcoxon test; Fig. 1C
top) and by QX-314 (500 uM) intracellular dialysis (con-
trol: 3.4+ 1.3 pA/pF, n=7, black trace; QX-314: 0.81+0.91
pA/pE, n=7, red trace; p=0.0156, Wilcoxon test; Fig. 1C
bottom). For this reason, we classified it as voltage-
gated sodium channel (Na,)-mediated inward current.
To clarify the upregulation of this functional Na, cur-
rent density, we evaluated the sodium channel protein
subunit alpha (SCN1) expression in control condition
and after 288 h TMZ 3 pM treatment, by performing a
co-immunostaining with E-cadherin as a major plasma
membrane protein (Fig. 1D and Supplementary Fig. 1D).
Consistently with Na, current upregulation, we observed
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a significant increase both in the Optical Density (OD)
and in the percentage of Na, positive cells upon 288 h
TMZ treatment (OD control: 24.90+1.00, =90 cells;
OD TMZ: 49.01+1.77, n=90 cells; p<1x10~'* Mann-
Whitney test; Fig. 1E, upper panel; percentage of Na,
positive cells control: 35.32+2.47, n=9 cells; percentage
of Na, positive cells under TMZ: 54.33%3.37, n=9 cells;
p=0.00033 Mann-Whitney test; Fig. 1E, middle panel)
while E-cadherin OD remained unchanged between the
two conditions (OD control: 45.62+1.35, n=90 cells; OD
TMZ: 54.4912.21, n=90 cells; p=0.08 Mann-Whitney
test; Fig. 1E, lower panel).

Na, is predominantly expressed in excitable cells such
as neurons [40] and cardiac cells [41]. However, its pres-
ence is minimal in glial cells [42], and little is known
about its role in GBM [43] (Supplementary Fig. 1E).
We exploited GlioVis repository (TCGA_GBM) [44] to
investigate the mRNA expression of SCN1A in GBM
human samples (Fig. 1F) as one of the most representa-
tive Na, transcript isoforms in GBM (Supplementary
Fig. 1F). Overall, SCN1A mRNA expression level was
significantly higher in non-tumoral samples compared
to GBM tissue (non-tumor: 7.7+0.2 log2, n=10; GBM:
6.51+1.2 log2, n=538; p=1.9E-03, Bonferroni correction).
However, a group of GBM samples presented SCN1A
expression level similar to non-tumoral tissue and sig-
nificantly different from the rest of the GBM sample, and
it was mainly identified as the proneural GBM subtypes
[45] (Proneural: 7.4+1.1 log2, n=163; Mesenchymal:
6.21+1.2 log2, n=166; Classical: 6.1+1.1 log2, n=199;
p=4.6E-19 Proneuronal vs Classical, Bonferroni cor-
rection; p=3.9E-15 Proneuronal vs Mesenchymal, Bon-
ferroni correction, Fig. 1F). To determine whether the
differential abundance of Na, transcripts, based on GBM
subtypes, correlated with distinct functional expression
of the channel, whole-cell patch clamp experiments were
conducted on GSCs, separated according to their pro-
neural, mesenchymal, and classical subtypes (Fig. 1G).
Consistently with the bulk mRNA analysis reported in
TCGA_GBM repository, proneural GSCs exhibited a
significantly higher functional current density (Proneu-
ral “GBM3” cells growth in suspension: 2.9+0.4 pA/pE,
n=7/17; Proneural “GBM3” adherent cells: 3.5£0.7 pA/
pE n=5/14; Proneural “L0605” in suspension: 5.3%+1.4
pA/pE, n=8/18; Mesenchymal (GBM19): 1.8+1.1 pA/pF,
n=5/16; p=0.002 One-Way Anova; Fig. 1G). Conversely,
GSCs identified with a classical profile (L0627) exhib-
ited an inward current (Classical “L0627” in suspension:
6.911.2 pA/pF, n=6/7) with a peak shifted towards more
depolarized potentials (of about 30 mV) and a reversing
value around +110 mV, consistent with a calcium-medi-
ated conductance. When analyzing all GBM patients
with an identified proneural subtype in a pooled setting
and selecting the 7.7 log2 value as the cut-off point for
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SCNI1A transcript expression, the 120-month overall sur-
vival (OS) rate, as depicted in the Kaplan-Meier survival
curves (Fig. 1H), was significantly lower (p=0.039; log-
rank test) ) for those with SCN1A transcript levels higher
than 7.7 log2 (red curve) compared to those with expres-
sion levels below the cut-off (green curve). Collectively,
Kaplan-Meier analyses revealed a significantly reduced
survival rate for proneural GBM patients with elevated
SCNI1A expression. Furthermore, we correlated SCN1A
expression levels with all available mRNA quantifica-
tions in GlioVis (Fig. 1I), revealing a positive correlation
between SCN1A expression and mRNA transcripts gen-
erally associated with stemness (among which SOX2 and
SOX10), while showing a negative correlation with tran-
scripts linked to proliferation or differentiation (EPHB4
and MKI67).

To validate the expression of Na, in human GBM, we
analyzed biopsies from 4 patients (GBM information is
listed in the Methods section). In 3 out of 4 patients, posi-
tivity for the Na,-Pan antibody was detected, and in some
cells, we observed dual positivity for Na, and GSC mark-
ers such as CD133 and SOX2. Panels a and b (Fig. 1J-L)
show representative images of staining for Hoechst and
the GSC marker, and Hoechst and Na,, respectively.
Panel c shows the merge of the previous two panels, and
panel d shows more defined FOV taken from c. The white
arrows indicate cells positive for both Na, and the GSC
markers, supporting a potential association between Na,
expression and GSC characteristics in GBM biopsies.

Overall, the data presented in Fig. 1 suggest a positive
correlation between Na, overexpression and chemo-
therapy resistance in GSCs, which is strongly associated
with a worse outcome in GBM patients with a proneu-
ral subtype. Additionally, the presence of Na, in human
GBM biopsies, particularly in cells also positive for GSC
markers, suggest a possible relevance of Na, expression
in maintaining stem-like characteristics in GBM.

Blocking Na, significantly reduces the expression of
stemness markers in GSCs and their self-renewal ability

To explore the functional relationship between Nav
expression and stemness regulation in GBM, GSCs
(GBM3) were conditioned with the Na, blocker tetrodo-
toxin (TTX, 30 uM) for both 5 h and 72 h. Subsequently,
mRNA expression for 80 markers associated with cancer
stem cells was quantified (Fig. 2A), revealing a general
decrease in stemness markers expression at both time
points. After 5 h of TTX treatment, significant reductions
were observed in the following markers: CD34 (control:
0.017£0.002 log2 fold change, n=3; TTX: 0.013£0.001
log2 fold change, n=3; p=0.015 Two-way ANOVA),
CHEK1 (control: 0.060+0.004 log2 fold change, n=3;
TTX: 0.043+£0.003 log2 fold change, n=3; p=0.008
Two-way ANOVA), JAG1 (control: 0.032+0.003 log2
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fold change, n=3; TTX: 0.022+0.002 log2 fold change,
n=3; p=0.022 Two-way ANOVA), NANOG (control:
0.147+0.009 log2 fold change, n=3; TTX: 0.097+0.007
log2 fold change, n=3; p=0.004 Two-way ANOVA), and
TAZ (control: 0.055%0.004 log2 fold change, n=3; TTX:
0.026+0.002 log2 fold change, n=3; p=0.012 Two-way
ANOVA). As for the 72 h treatment, this included signifi-
cant differences for CHECK1 (control: 0.086+0.032 log2
fold change, n=4; TTX: 0.002+0.012 log2 fold change,
n=4; p<0.0001 Two-way ANOVA), JAG1l (control:
0.040+0.002 log2 fold change, n=4; TTX: 0.013+0.006
log2 fold change, n=4; p=0.032 Two-way ANOVA),
JAK2 (control: 0.116+0.011 log2 fold change, n=4; TTX:
0.047%0.025 log2 fold change, n=4; p<0.0001 Two-
way ANOVA), NANOG (control: 0.138+0.022 log2 fold
change, n=4; TTX: 0.047+0.025 log2 fold change, n=4;
p<0.0001 Two-way ANOVA). Western blot analysis of
the pluripotency transcription family also demonstrated
a significant downregulation of stemness-related pro-
teins, including NANOG and SOX2 (NANOG control:
3.3+0.3 a.u., n=4; NANOG TTX: 1.2+0.2 a.u, n=4
p=0.04 Multiple paired t-test; SOX2 control: 7.9+0.9
a.u., n=4; SOX2 TTX: 3.3£0.7 a.u,, n=4; p=0.01 Multi-
ple paired t-test; Fig. 2B, Supplementary Fig. 2A, B). Con-
versely, MKI67, a cellular marker for proliferation, was
upregulated (MKI67 control: 0.9+0.1 a.u., n=6; MKI67
TTX: 1.610.1 a.u., n=6, p=0.005 Multiple paired t-test,
Fig. 2B) as well as Meteorin (METRN), a protein involved
in glial cell differentiation (METRN control: 0.018£0.005
au, n=5 METRN TTX: 0.072£0.006 a.u., n=6,
p=0.0008 Multiple paired t-test, Fig. 2C). To further
investigate the impact of Nav channel blockade on GSC
differentiation, we also performed Western Blot analysis
for the following markers: GFAP (a marker for astrocytes)
and p-tubulin III (a marker for neurons) (GFAP control:
3.15+0.41 a.u, n=6; GFAP TTX: 4.50£0.67 a.u., n="6;
p=0.0085 Multiple paired t-test; p-tubulin III control:
0.57+0.07 a.u., n=6; B-tubulin III TTX: 0.67+0.08 a.u.,
n=6; p=0.0087 Multiple paired t-test; Fig. 2C). Addition-
ally, immunostaining for the oligodendrocyte marker O4
(OLIG4) was conducted since the available antibody was
not compatible for Western Blot application (OLIG4 con-
trol: 49.8+0.9 mean fluorescent intensity per cell, n=100:
OLIG4 TTX: 59.1£0.9 mean fluorescent intensity per
cell, =100, p<0.00001, Mann-Whitney test, Fig. 2D).

To validate that the decrease in SOX2 and NANOG
protein levels correlated with a reduction in the percent-
age of cells positive to these markers, we conducted co-
immunostaining for Hoechst, SOX2, and Na, in GSCs
following a 72 h treatment with TTX 30 uM. In compari-
son to the control condition, we observed a significant
decrease in the number of cells positive for SOX2 upon
TTX treatment (control: 76.0£3.2%, n=12 wells; TTX:
46.3+5.7%, n=12 wells; p=0.00015 Mann-Whitney test;
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Fig. 2E, F and Supplementary Fig. 2D). Interestingly, a
significant co-expression between SOX2 and Na,-Pan
positivity was also noted (Supplementary Fig. 2E). We
then assessed the change in the fraction of cells positive
for NANOG. Consistently, we identified a significant
decrease in the number of cells positive for NANOG
upon TTX treatment (control: 79.9+£3.2%, n=11 wells;
TTX: 61.845.1%, n=11 wells; p=0.029 Mann-Whit-
ney test; Fig. 2E, F). Moreover, a notable reduction was
observed in the percentage of cells positive for Na, (con-
trol: 67.6+4.8%, n=23 wells; TTX: 47.8+5.2%, n=23
wells; p=0.018 Mann-Whitney test; Fig. 2E, F, Supple-
mentary Fig. 2D-G).

As GSCs are characterized by their self-renewal capa-
bility [25], we hypothesized that the pharmacological
blockade of Na, should lead to a decrease in the self-
renewal properties of GSCs. To assess this, clonogenic
and neurosphere assays were performed, as previously
reported [46] (see also Materials and Methods). Fol-
lowing the standard 72 h treatment with TTX 30 pM, a
significant decrease in both colony formation (control:
11.8%4.1, n=12; TTX: 4.1£0.8, n=18; p<0.0001 Mann-
Whitney test; Fig. 2G) and colony area (control: 1.0+0.5
normalized area, n=11; TTX: 0.4%0.1, n=17; p=0.0003
Mann-Whitney test; Fig. 2G) was observed in GSCs
compared to the control condition. Moreover, when
evaluating the effect of TTX treatment on neurosphere
formation, a significant decrease in the number of neuro-
spheres (control: 40.7+7.2, n=6 number of neurospheres;
TTX: 27.311.7, n=6 number of neurospheres; p=0.0152
Mann-Whitney test; Fig. 2H) was reported, along with a
significant increase in their area (control: 0.99+4.1, n=12
normalized area; TTX: 1.25+£0.07, n=6 normalized area;
p=0.0087 Mann-Whitney test; Fig. 2H).

Taken together, our data support the hypothesis that
Na, functional expression is linked to stemness, and its
pharmacological blockade decreases the self-renewal
properties of GSCs while promoting proliferation and
differentiation.

The functional expression of Na, channels is markedly
diminished in differentiated cells or under conditions of
extracellular acidification

To verify the correlation between the functional expres-
sion of Na, channels and the stemness profile of GSCs,
we added Retinoic Acid (RA, 10 pM) to the medium of
GBMS3 cells for 5 days or, alternatively, 10% Fetal Bovine
Serum (FBS) for 6 days (Supplementary Fig. 3). Both RA
and FBS possess the ability to induce cell differentiation
[47-49], and both treatments led to changes in the elec-
trophysiological characteristics of the recorded cells, in
the amount of cells exhibiting a Na,-mediated current
and in the current density of the latter (Supplementary
Fig. 3A-F). Consistent with the downregulation of Nav
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Fig. 2 GSCs stemness markers as well as self-renewal properties are significantly downregulated when Na, is pharmacologically blocked: (A) Heatmap
showing the differential expression level of the mRNA stemness markers (gradient bar represents the degree of gene expression level) in the control
condition and after 5 h and 72 h of TTX 30 uM treatment in the medium. The measurement is reported in Log2FoldChange. The degree of significance is
specified on the left side of the marker name. (B) WB quantification for stemness markers reveals a significant reduction in the protein content for SOX2
and NANOG. (C) Western Blot quantification for differentiation markers (E). (D) Immunoreactivity to O4 antibody in control and after 72 h of TTX treat-
ment. (E) Top: immunoreactivity to Pan-Na, antibody (red channel), SOX2 (green channel), and nuclear staining (Hoechst, blue channel) for GSCs in the
control and after 72 h of TTX treatment. Scale bar is 50 pm. Bottom: Immunoreactivity to the Pan-Na, antibody (red channel) and positivity for NANOG
(green channel) and nuclear staining (Hoechst, blue channel) for GSCs in the control and after 72 h of TTX treatment. Scale bar is 50 um.(F) Pool data for
the percentage of cells positive to SOX2, NANOG and Nav for the two conditions. (G) Representative example of a clonogenic assay in the control (top)
and with cells pretreated for 72 h with TTX 30 uM (bottom). Pool data quantifying the number and the relative area of the colonies (on the right). (H)
Representative example of a neurosphere formation assay in the control (top) and with cells pretreated for 72 h with TTX (30 uM) (bottom). Pool data

quantifying the number and the relative area of the neurospheres

currents, we observed a significant decrease in Optical
Density (OD) when comparing the control condition to
cells treated with RA 10 uM or 10% FBS (Supplementary
Fig. 3G, H). Downregulating the functional Nav current
resulted in no difference in sensitivity to TMZ, regard-
less of whether GSCs were pre-treated with TTX or not
(Supplementary Fig. 31, J). These changes were also asso-
ciated with an increased in the potassium inward current
and a significant drop in the resting membrane potential
(Supplementary Fig. 3K-M).

In light of recent reports suggesting the influence of pH
on Na, channel modulation [50], we examined the effect
of pH on GSCs. Cells incubated at pH 6.8 for 24 h exhib-
ited a pronounced downregulation of Na, compared to
the control condition at pH 7.2 (Supplementary Fig. 3N-
P), demonstrating a pH-dependent modulation of the
channel.

Na, is functionally expressed in a cell-cycle specific manner
and is necessary to maintain GSCs in the G2/M and GO
phase through the regulation of the resting membrane
potential

Different ion channels are known to be transiently
expressed during the cell cycle orchestrating the modu-
lation of the resting membrane potential towards more
depolarized values in G2/M and GO phases, and more
hyperpolarized RMP in G1 phase and G1/S transition
[51, 52]. To assess whether Na, is expressed in a cell-
cycle-dependent manner, we quantified the functional
Na,-mediated current in our GSCs lines by employing
the FUCCI system, which enables cells to be differentially
stained according to the cell cycle phase (see Methods).
FUCCI cells turn red in the G1 phase, orange/yellow
upon transitioning into S-phase, green in late S-phase,
and remain green through G2-phase and mitosis. Dur-
ing anaphase, the green probe is degraded (Fig. 3A). Cells
were visually identified based on their fluorescence posi-
tivity and Na,-mediated current was recorded (Fig. 3B).
Intriguingly, Na,-mediated current was mainly detected
in G2/M (green positive: 7.6+2.1 pA/pF, n=17/22) and
GO (Non-Labelled: 11.2+1.9 pA/pF, n=20/23), while it
was barely detectable in G1 phase (red positive: 1.0+0.3

pA/pE, n=10/26) and during G1/S transition (green+red
positive: 0.410.2 pA/pF, n=2/9, p<0.0001, Kuskal-Wallis
test, Fig. 3C).

These data suggest a cell cycle-dependent functional
expression of the Na, channel in GSCs. For each recorded
cell, we have then correlated the Na, current density with
the RMP (measurements were taken at the beginning of
the experiment to avoid potential run-down effects due
to intracellular solution dialysis). As shown in Fig. 3D, the
RMP is more depolarized for GSCs expressing higher Na,
current density, following a logarithmic trend (R2=0.79,
n=74). To causally link the RMP to Na, current, we
diluted the Na, blocker QX-314 500 puM in the intracellu-
lar solution and measured Na, current right after whole-
cell break-in (before QX-314 dialysis could happen), then
again after 5 min, allowing QX-314 action. The RMP
resulted significantly hyperpolarized after QX-314 dialy-
sis (control: -31.1+4.3 mV, n=7; QX-314: -35.9+£3.5 mV,
n="7; p<0.015, Wilcoxon test, Fig. 3D inset).

Considering the correlation observed between cell
cycle phases and Na, functional expression, we inves-
tigated Na, ability to modulate cell cycle progression
in our primary cell lines. We conducted a time lapse
recording of GSCs expressing the FUCCI system in con-
trol condition and in the presence of TTX 30 uM. Data
were acquired at different time points over 48 h and the
fluorescent labelling of the cells was monitored (Fig. 3E,
F). In control conditions GSCs maintained a stable cell-
cycle distribution throughout the entire recording (% of
cells after 1 h: GO: 40.2£2.6, G1/S: 1.2+2.2, G1: 35.4£3 .4,
G2/M: 23.2£1.9, n=3 replicates; % of cells after 12 h: GO:
35.5+1.8, G1/S: 3.1£1.2,G1: 34.4+1.8, G2/M: 27.5+2.1,
n=3 replicates; % of cells after 48 h: GO: 35.7+5.4, G1/S:
7.7+2.5, G1l: 25.5+1.4, G2/M: 25.5+1.9, n=3 replicates;
Fig. 3F top). When TTX was added to the medium, the
distribution of GSCs was increased in the G1 phase and
G1/S transition throughout the recording, and signifi-
cantly reduced in the GO phase (% of cells after 1 h: GO:
45.8+2.9, G1/S: 1.2+0.2, G1: 32.7+£2.2, G2/M: 20.3%+2.7,
n=3 replicates; % of cells after 12 h: GO: 2.9+4.1, G1/S:
14.9+4.4, G1: 62.3%+1.3, G2/M: 19.8+£2.2, n=3 repli-
cates; % of cells after 48 h: GO: 15.1+2.5, G1/S: 6.5£0.2,
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G1: 37.5+2.1, G2/M: 41.0£2.2, n=3 replicates; Fig. 3F
bottom).

The increase in the percentage of cells in the G1 phase
within the first 24 h might be due to a higher fraction
of cells re-entering the cell cycle, a prolonged duration
of the G1 phase, or both. To investigate this phenom-
enon, we analyzed the cell cycle progression exclusively
for GSCs that could be continuously tracked within the
same field of view (Fig. 3G). The application of TTX
significantly reduced the time GSCs spent in GO phase,
compared to control condition (control: 8.7£1.5 h, n=12
cells; TTX: 3.6+0.5 h, n=14; p=0.0021, Tukey’s mul-
tiple comparisons test), as well as in G2/M phase (con-
trol: 11.6+1.1 h, n=12 cells; TTX: 83+2.0 h, n=14;
p=0.0283, Tukey’s multiple comparisons test). In con-
trast, TTX significantly prolonged the time spent by
GSCs in G1 phase (control: 7.4%+2.8 h, n=12 cells; TTX:
17.1£2.1 h, n=14; p<0.0001, Tukey’s multiple compari-
sons test). An increase in the G1 fraction of GSCs within
the first 12 h and an increase in G2/M after 24 h should

lead to enhanced cell proliferation. To test this hypoth-
esis, we conducted a 96-hour proliferation assay, reveal-
ing a significant increase in cell proliferation within 48 h
from TTX-induced pharmacological blockade of Na,
(control: 0.62x10° number of cells at 48 h, n=6; TTX:
1.98x10° number of cells at 48 h, n=6; p<0.0001, Two-
way ANOVA, Fig. 3H).

The data presented in this section unveil a cell cycle-
dependent functional expression of the Na, channel
in GSCs. We observed a predominant presence of Na,-
mediated current in G2/M and GO phases, while it was
scarcely detectable in G1 phase and G1/S transition.
Pharmacological blockade of Na, with TTX not only
influenced the cell cycle distribution of GSCs, causing
a shift towards G1 phase and G1/S transition, but also
resulted in increased cell proliferation, thus emphasizing
the crucial role of Na, in modulating cell cycle dynamics
in GSCs.
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Fig.4 Na, functional activity suppresses ERKand Akt pathway: (A) (left) Example of a Western Blot for total and phosphorylated p44/p42 ERK1/2 in both
control and TTX condition. (center) Analysis quantification for the p44/p42 ERK1/2 and the phospho p44/p42 ERK1/2 in control and TTX condition. (right)
Ratio between the p44/p42 ERK1/2 and the phospho p44/p42 ERK1/2 in control and TTX condition. (B)(left) Example of a Western Blot for the Akt and
phospho-Akt (Ser473) in both control and TTX condition. (center) Analysis quantification for the Akt and phospho-Akt (Ser473) in control and TTX condi-
tion. (right) Ratio between the Akt and the phospho-Akt in control and TTX condition. (C) Example of a Western Blot for the p85 PI3K and the phospho-
p85/p55 PI3K in both control and TTX conditions. (center) Analysis quantification for the p85 PI3K and the phospho-p85/p55 PI3K in control and TTX
condition. (right) Ratio between the p85 PI3K and the phospho-p85/p55 PI3K in control and TTX condition. (D) Example of a Western Blot for the mTOR
and the phospho-mTOR-Ser2448 in both control and TTX conditions. (center) Analysis quantification for the mTOR and the phospho-mTOR-5er2448 in

control and TTX condition. (right) Ratio between the mTOR and the phospho-mTOR-Ser2448in control and TTX condition

Blockade of Na, in GSCs enhances ERK1/2 and AKT
signaling

It has been previously reported that in other tumors Na,
may influence the activity of various intracellular sig-
naling pathways [53, 54]. To explore this possibility in
GBM, we examined whether a sustained pharmacological
blockade of Na, and its subsequent downregulation may
result in an increase of the extracellular signal-regulated
kinase (ERK1/2) and PI3K/Akt/mTOR cascade, two sig-
naling pathways notably implicated in promoting cell
cycle progression and differentiation in cancer cells [55,
56].

Following 72 h application of TTX 30 uM, we checked
for alterations in the ERK1/2 and PI3K/Akt/mTOR cas-
cades (Fig. 4). Our data revealed a noteworthy increase in
the ratio of phosphorylated ERK1/2 (pERK1/2) on total
ERK1/2 (control pERK/ERK: 0.710.1; TTX pERK/ERK:
2.610.3; n=16; p=0.0296, Mann-Whitney test; Fig. 4A,
right panel) without affecting ERK1/2 and pERK1/2 total
protein levels (control ERK1/2: 5.6+0.6 protein/vinculin,
n=16; TTX ERK1/2: 3.7%£0.3 protein/vinculin, n=16;
control pERK1/2: 2.8+0.4 protein/vinculin, n=16; con-
trol pERK1/2: 0.52+0.10, n=16; Fig. 4A, central panel ),
suggesting an activation of the pathway.

Similarly, we observed a significant increase in the
ratio of phosphorylated Akt (p-Akt) on total Akt after
72 h treatment with TTX (control p-Akt/Akt: 0.64%0.01,
n=5; TTX p-Akt/Akt: 0.7310.01, n=5; p=0.0027, Mann-
Whitney test; Fig. 4B, right panel), but no difference in
total protein levels (control Akt: 1.48+0.26 protein/vin-
culin, n=5; TTX Akt: 1.53+0.11 protein/vinculin, n=5;
control p-Akt: 1.12+0.11 protein/vinculin, n=>5; TTX
p-Akt: 1.2840.12 protein/vinculin, n=5; Fig. 4B, central
panel). These findings suggest that Na, functional expres-
sion inhibits ERK1/2 and Akt phosphorylation. Interest-
ingly, no changes were detected either in the upstream
PI3 kinase (PI3K) (control PI3K: 1.2%+0.1 protein/vin-
culin, n=7; TTX PI3K: 1.4%0.1 protein/vinculin, n=7;
control p-PI3K: 1.2+0.04 protein/vinculin, n=7; TTX
p-PI3K: 1.2+0.1 protein/vinculin, n=7; control p-PI3K/
PI3K 1.1+0.1, n=7; TTX Phospho-PI3K/PI3K: 01.210.1,
n=7; p=0.53, Mann-Whitney test; Fig. 4C) or in down-
stream mTOR kinase (control mTOR: 1.7+0.4, n=6; TTX
mTOR: 0.8+£0.2, n=7; control p-mTOR: 0.6+0.2, n=6;
TTX p-mTOR: 1.5+0.3, n=8; control p-mTOR/mTOR:

1.0£0.3, n=6; p=0.32 Mann-Whitney test; Fig. 4D) after
72 h TTX treatment. In conclusion, our investigation
into the modulation of intracellular signaling pathways
by Na, channels in GBM reveals a significant impact of
Na, functional expression on the MAPK/ERK1/2 and
PI3K/Akt/mTOR cascades. These findings shed light on
the complex regulatory role of Na, channels in glioblas-
toma, providing valuable insights for potential therapeu-
tic intervention.

The pharmacological blockade of Na, increases GBM
sensitivity to TMZ

The cumulative data presented in this study consistently
substantiate our hypothesis that a temporary blockade
of the Na, channel contributes to diminished stemness
in GSCs and increases the proportion of these cells re-
entering in the cell cycle. These observations are par-
ticularly relevant, as both the extent of stemness and the
duration of cells residence in the GO phase are intricately
associated with chemotherapy resistance.

Consequently, we postulated that a pharmacological
blockade of the Na, channels might lead to an increased
sensitivity of GBM to TMZ 3 puM treatment. To test this
hypothesis, and after confirming that TTX acts exclu-
sively on cells expressing functional Na, (Supplemen-
tary Fig. 4A, B), we evaluated the growth rate of GSCs
under TMZ 3 uM treatment following a 72 h pre-treat-
ment with TTX 30 uM. After 96 h of TMZ exposure, the
growth rate of GSCs was significantly reduced in cells
pretreated with TTX compared to cells directly admin-
istered with TMZ alone (control: 10.2+0.4x10° cells,
n=4 replicates; TTX: 7.6+0.7x10° cells, n=4 replicates;
TMZ: 6.4+0.3x10° cells, n=4 replicates; TTX+TMZ:
3.1£0.3x10° cells, n=5 replicates; p<0.0001, two-way
ANOVA multiple comparisons, Fig. 5A). A similar effect
was also observed in the U87 cell line (Supplementary
Fig. 4C).

To achieve Na, channel blockade using drugs more
suitable than TTX for therapeutic translation, we tested
clinically approved antiepileptics and anticonvulsants
known to produce a negative effect on Na,, including rilu-
zole (RLZ), rufinamide (RFM), carbamazepine (CARBA)
and the anti-anginal ranolazine (RAN) [57]. Preliminar-
ily, we demonstrated the lack of significant toxic effects
of these drugs. In fact, RLZ (40 uM), REM (30 uM), RAN
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Fig. 5 Blockade of Na,-mediated current increase sensibility to TMZ (A) GSCs proliferation assay comparing the following condition: control (control),
TTX-pretreatment for 72 h (TTX), TMZ 3 uM (TMZ), and TMZ with TTX-pretreatment for 72 h (TMZ +TTX). (B) Effects of RB5, TTX, RLZ, RFM CARBA, RAN on
cell viability/proliferation of GSCs. Data obtained with the MTT vitality assay after 72 h exposure to the displayed concentrations for each drug. (C) Electro-
physiological example traces evoked from recorded GSCs showing the effect of RLZ, RFM, RAN, and CARBA on the Na -mediated current at the indicated
concentrations. The eliciting protocol is also displayed. (D) (left) GSCs proliferation assay comparing the effect of antiepileptic and anticonvulsant drugs
that target the Na, channel: control (CTR), rufinamide 30 uM (RFM), riluzole 40 uM (RLZ), and the same conditions in addition with TMZ 3 uM (RFM+TMZ;
RLZ+TMZ respectively). (right) Same combinations as for (B left) but with Ranolazine (RAN 10 uM) and Carbamazepine (CARBA 100 uM). (E) (left) TMZ
increased sensitivity mediated by Na, blockade (TTX 30 pM) can be increased when combined with ERK1/2 agonist RB5 50 uM. (right) TMZ sensitivity
induced by Nav blockade with RFM and RLZ can be increased when combined with ERK1/2 agonist RB5 at 25 pM

(30 uM), and CARBA (100 pM) did not reduce cell viabil-
ity more than 15% in comparison to the control condi-
tion, as assessed by MTT assay (control: 0.72+0.01 a.u,,
n=10; RB5: 0.78£0.01 a.u,, n=10; TTX: 0.76+0.02 a.u.,
n=10; RLZ: 0.67£0.03 a.u., n=10; RFM: 0.74£0.02 a.u.,
n=10; CARBA: 0.66+0.03 a.u., n=10; RAN: 0.65+0.01
a.u., n=10; p=0.04, Ordinary one-way ANOVA, Fig. 5B).

Electrophysiological experiments revealed a heteroge-
neous efficacy observed among specific antiepileptics,
anticonvulsants or anti-anginals in the reduction of the
Na, peak current density (Fig. 5C). The different degree
of reduction of Na,-mediated current observed among
different drugs may yield distinct enhanced sensitivity to
TMZ.

When applied in combination with TMZ 3 uM,
both RLZ and RFM significantly reduced the growth
rate of GSCs tested after 96 h, more efficiently than
TMZ alone (control: 6.61+0.18x10° cells, n=6 rep-
licates; RFM: 1.15+0.14x10° cells, n=6 replicates;

RLZ: 0.87+0.05x10° cells, n=6 replicates; TMZ:
2.16+£0.10x10° cells, n=6 replicates; RFM+TMZ:
0.19+0.03x10° cells, n=6 replicates; RLZ+TMZ:
0.12+0.05x10° cells, n=6 replicates; p<0.0001,

2-way ANOVA; Fig. 5D left). On the contrary, nei-
ther CARBA nor RAN, alone or in combination with
TMZ, exerted significantly different effects on cell
growth (control: 6.45+0.83x10° cells, n=3 repli-
cates; CARBA: 6.68+0.26x10° cells, n=3 replicates;
RAN: 7.20+0.27x10° cells, n=3 replicates; TMZ:
3.73+£0.17x10° cells, n=3 replicates; CARBA+TMZ:
2.83+0.12x10° cells, n=3 replicates; RAN+TMZ:
3.60+0.72x10° cells, n=3 replicates; p=0.12, 2-way
ANOVA, Fig. 5D right).

In Fig. 4, we showed that Na, channel blockade
enhances ERK1/2 activity. To further explore the molec-
ular pathways linking Na, functional activity to chemo-
therapy resistance, we employed a novel cell-penetrating
peptide, RB5, as a functional agonist of ERK1/2 signal-
ing [58] (Supplementary Fig. 5), that was administered
alone or in addition to TMZ (3uM) following TTX pre-
treatment (Fig. 5E, left). In the attempt to optimize the
efficiency of TTX, we have also compared the effects
of our 72 h pre-treatment to the simple addition of
TTX to the medium (bath application), together with
TMZ and RB5. The corresponding proliferation assay

revealed increased TMZ-mediated antiproliferative effi-
cacy when combined with TTX 72 h pre-treatment (30
uM) and RB5 (50 uM) (control: 8.21+0.34x10° cells,
n=3 replicates; TTX bath application: 7.52+0.12x10°
cells; TTX+RB5: 8.59+0.27x10° cells, n=3 replicates;
TMZ: 3.84+127x10° cells; TTX bath+RB5+TMZ:
4.74+0.65x10° cells, n=3 replicates; TTX pre-
treat+RB5+TMZ: 1.17£0.14x10° cells, n=3 replicates;
p<0.0001, 2-way ANOVA; Fig. 5E left). Intriguingly TTX
pre-treatment exerts a stronger effect on GSCs prolif-
eration in comparison to its bath application (p=0.0043,
Tukey’s multiple comparisons test). This combinato-
rial approach not only underlines the involvement of
the ERK1/2 signaling cascade in the mechanism of drug
resistance in GBM but also allows for a reduction in the
relative drugs’ concentration to efficiently increase GSCs
sensitivity to TMZ. Indeed, we were able to lower the
concentration of RLZ to 20 pM and RB5 to 25 uM with-
out diminishing their effect on GSCs growth rate when
combined with TMZ 3 uM (control: 6.80+0.51x 10° cells,
n=3; RLZ 20 pM+RB5 25 pM+TMZ: 0.55+0.75x10°
cells, n=3; p=0.0005, Mann-Whitney test (compared to
TMZ alone from Fig. 5D); Fig. 5E right). The effect was
less pronounced when RFM concentration was decreased
(REM 15 uM+RB5 25 uM+TMZ: 2.6610.34% 10° cells,
n=3; p=0.2, Mann-Whitney test (compared to TMZ
alone from Fig. 5D); Fig. 5E right), with cells regaining
the capability to proliferate at 96 h (Fig. 5E right).

Since the strongest facilitation of TMZ efficacy was
observed with either TTX or RLZ, we calculated the
combination index (CI) to quantitatively assess the
degree of synergy between TMZ and these Nav chan-
nel modulators. Using the Chou-Talalay method, the
CI values obtained were: TMZ+TTX, CI=0.64, and
TMZ+RLZ, CI=0.94. These results indicate that both
TTX and RLZ synergize with TMZ, enhancing its anti-
tumor efficacy.

Taken together, these data underscore the poten-
tial therapeutic relevance of Na, channel modulation,
revealing a connection between Na -mediated signaling
pathways and increased sensitivity to chemotherapy in
glioblastoma stem cells.
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Fig. 6 Characterization of Na, expression on 3D GSC cultures and proliferation assay: (A) Example of the experimental approach for the electrophysi-
ological acquisition on 3D GSCs cultures: cells somata was recognized under bright field configuration (red arrows) and approached for patch-clamp
recording. a and b are two recorded cells whose traces are shown in (B). (C) Average |-V Plot of the inward current recorded in 3D GSCs cultures in control
and after QX-314 intracellular dialysis. (D) Representative images of immunoreactivity to Pan-Na, antibody, METRN, NANOG, MKI67, SOX2 (green channel)
and nuclear staining (Hoechst, blue channel) for 3D GSCs cultures. Scale bars are 100 uM for low magnification pictures and 50 uM for the ROIs (E) Projec-
tion intensity profiles of Hoechst, Nav, SOX2, NANOG, METRN and MKI67 (each profile is an average from 3 3D GSCs cultures and 2 slices for each 3D GSCs
culture).(F) Representative images of 3D GSC cultures at the first day of recording (Day 1),prior to treatment and after 6 days of treatment (Day 6), for the
following conditions: control (CTR), TTX, TMZ, TTX+TMZ +RB5, RLZ +TMZ +RB5. Proliferation was assessed by calculating the surface of each acquired
3D GSCs cultures and averaging them for each condition. (G) The surface summary plot of all the conditions for Day 1 (D1) and Day 6 (D6) is displayed

The pharmacological or electrical inhibition of Na,
markedly impacts the proliferation of 3D GSC cultures by
augmenting sensitivity to TMZ

In vitro 3D GBM cultures more accurately reproduce
the structural characteristics of tumor tissue, includ-
ing the interactions between cells and the extracellu-
lar matrix observed in vivo [28]. As a result, they offer
a more precise prediction of drug efficacy compared to
2D cultures. We initially conducted electrophysiological
patch clamp recordings on GSCs identified under bright
field illumination (Fig. 6A), and we observed an inward
current during progressively depolarizing voltage steps
in 5 out of 8 recorded cells (Fig. 6B). The inward current
had a reversing potential of ~70mV and was significantly
reduced after intracellular dialysis of QX-314 through
the recording electrode (control: 6.2+1.4 pA/pF, n=5;
QX-314: 2.7£0.3 pA/pE, n=>5; p=0.03, Wilcoxon signed-
rank test; Fig. 6C). The residual component of the inward
current exhibited a peak at a more depolarized potential
and shifted its reversing potential to the right, supporting
the hypothesis that it was a voltage-dependent calcium-
mediated current. To investigate the presence of Na, in
our 3D GSC cultures and characterize its topographical
location within different compartments, we performed
multiple immunoreactions for the following markers:
Na,, SOX2, NANOG, MKI67, METRN, and the nuclear
counterstaining Hoechst. After confirming the positiv-
ity of 3D GSCs cultures for all these markers (Fig. 6D,
Supplementary Fig. 7), the fluorescence intensity profile
was analyzed by drawing ROIs from the invading edge to
the hypoxic core of the 3D GSCs cultures (as exemplified
in Fig. 6D, panel MKI67). Interestingly, the localization
of Na, overlapped with the expression of SOX2 (Fig. 6E),
confirming the co-expression previously detected in
GSCs primary cell cultures (Fig. 2E).

Then, we assessed whether the block of Na, would
increase TMZ sensitivity in 3D GBM cultures, as we pre-
viously reported in primary GSCs (Fig. 5A). 3D GSCs
culture were subjected to various treatments, includ-
ing Control (CTR), TTX 30 uM, TMZ 3 uM, RLZ 20
uM, TTX 30 uM+TMZ 3 uM+RB5 25 pM, and RLZ
20 uM+TMZ 3 pM+RB5 25 pM. Daily z-stacks were
acquired for a total of 36 3D cultures over 6 days and the
surface areas were analyzed following a baseline acquisi-
tion on day one. Despite a gradual decrease in the surface

area observed already in control condition (control day
1: 3721.0+£119.7 um?, n=8; control day 6: 3202.1+47.9
um?, n=7; p=0.006, Mann-Whitney Test; Fig. 6F, G), the
most substantial reduction in comparison to the control
condition at day 6 was achieved in the TTX+TMZ+RB5
(day 6: 2577.0+35.2 pum? n=6; p=0.001, Mann-Whit-
ney Test), RLZ (day 6: 2608.7+49.7 um? n=6; p=0.001,
Mann-Whitney Test), and RLZ+TMZ+RB5 conditions
(day 6: 2400.7%89.0 um?, n=6; p=0.0012, Mann-Whit-
ney Test). However, in agreement with previous obser-
vations on primary GSCs (Fig. 2H), treatment with TTX
alone resulted in a non-significant change in surface area
compared to the control condition (day 6: 3269.4+40.5
um?, n=>5; p=0.43, Mann-Whitney Test, Fig. 6G). It is
noteworthy that the suboptimal concentration of TMZ 3
UM alone also failed to induce a significant decrease in
the surface area of 3D GSC cultures compared to the con-
trol condition (day 6: 2577.0+46.4 um?, n=>5; p=0.106,
Mann-Whitney Test).

Electrical activity-dependent inhibition of Nav improves
sensitivity to TMZ in GSCs
In neurons, membrane conductances are often modu-
lated by surrounding electrical activity in a frequency-
dependent manner [59]. To explore whether GSCs are
susceptible to activity-dependent modulation of mem-
brane conductances, we subjected the cells to electri-
cal stimulation at different frequencies (Supplementary
Fig. 6; see Methods). After demonstrating that the den-
sity of Na, can be regulated by electrical stimulation in
a frequency-dependent manner (Supplementary Fig. 6B,
C), we tested the sensitivity to TMZ of GSCs that were
previously electrically stimulated (Supplementary
Fig. 6F). According to the pharmacological experiments
described above, a change in the Na, current density due
to a specific electrical pattern alters the TMZ sensitivity.
Taken together, these data further support our hypoth-
esis that the negative modulation of Na, functional
current enhances GSCs sensitivity to TMZ, result-
ing in an antiproliferative effect when combined with
chemotherapy.
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Fig. 7 Efficacy of Temozolomide (TMZ) combine with Tetrodotoxin (TTX) in Reducing Tumor Size and Proliferation in GL261 Glioma Models: (A) Repre-
sentative traces of inward currents recorded from GL261 cells using electrophysiological recordings. Inward currents were observed in 6 out of 11 cells
tested, indicating the presence of functional Na, channels. The voltage protocol used is shown below the traces. (B) Top: Average current density-voltage
(I-V) relationship for Nav currents in GL261 cells. Representative recording on the effect of QX-314 on Na, currents in GL261 cells. The inclusion of Bottom:
QX-314 in the intracellular solution significantly reduced the current density of the inward current. The black trace represents control conditions, and
the red trace represents the condition with QX-314. The scatter plot on the right shows pooled individual current densities in control and after QX-314
intracellular dialysis with a significant reduction observed. (C) Proliferation assay of GL261 cells treated with TMZ 50 uM and TTX 30 uM over 96 h. The
number of cells in the control group (CTR), TTX treatment alone, TMZ treatment alone, and the combination of TTX and TMZ are displayed. A significant
increase in sensitivity to TMZ was observed when combined with TTX (D)(left) Immunoreactivity to the phospho p44/p42 ERK1/2 antibody (magenta
channel) and nuclear staining (Hoeckst, blue channel) in control condition (CTR), after 72 h TTX 30 uM treatment alone (TTX) or combined with the ERKI1
blocker PD098059. Scale bar is 50 micron. (right) Phospho-ERK Optical density (OD) violin plots illustrating single-cell measurements in CTR condition
and after 72 h TTX 30 uM treatment. (E) Schematic representation of the timeline for the in vivo study. Mice were divided into two experimental groups:
one group was stereotactically injected into the primary motor cortex (M1) with untreated GL261 cells (CTR) and the other with 72 h TTX-treated GL261
cells (TTX). TMZ treatment (40 mg/kg, intraperitoneal injection) commenced the day after cell injection and was administered daily for two weeks. (F)
Left: Representative fluorescent image of Hoechst-stained coronal brain sections from GL261 tumor-bearing mice after two weeks of treatment. Scale
bar =1 mm. Right: Pool data analysis showing that the tumor size was significantly reduced in the TTX group compared to the CTR group. (G) Left: Rep-
resentative images of proliferating Ki67-positive cells (red) within the glioma mass (cell bodies in blue) in the motor cortex of CTR and TTX mice 14 days
after glioma injection. Scale bar =500 um. Right: The normalized fraction of tumor area occupied by Ki67-positive cells was significantly reduced in the

TTX group compared to the CTR group

In vivo enhancement of Temozolomide Sensitivity in
Allografted Glioblastoma Models through Sodium Channel
Blockade

To test the effect of Nav blockade in vivo, we chose to
use the GL261 murine GBM cell line to inject into mice.
To assess whether the GL261 cells express functional
Nav-mediated currents, we conducted in vitro electro-
physiological recordings. As depicted in Fig. 7A, inward
currents were detected in 6 out of 11 recorded cells,
indicating the presence of Nav channels in these cells.
The average current density recorded in GL261 cells was
2.4%0.8 pA/pF (n=6, Fig. 7B). To further confirm the
Nav channel-mediated nature of these currents, we dia-
lyzed QX-314, a Nav channel blocker, into the intracel-
lular solution of 4 of these 6 cells. The dialysis of QX-314
significantly reduced the current density of the inward
current, from 2.601+0.32 pA/pF under control condi-
tions to 0.78%0.14 pA/pF in the presence of QX-314
(n=4, p=0.0102, Wilcoxon test, Fig. 7B). Given our pre-
vious findings with the GBM3 cell line, we hypothesized
that blocking Nav channels would increase the sensitiv-
ity of GL261 cells to temozolomide (TMZ). To test this,
we conducted a 96-hours proliferation assay. The results
revealed a significantly higher sensitivity to TMZ 50 uM
when combined with TTX 30 uM, as compared to TMZ
50 uM alone (Fig. 7C). Specifically, the number of cells in
the control group was 10.8+£0.8x 1074 cells (n=3), while
the TTX-treated group had 11.7+0.8x10"4 cells (n=3).
The TMZ alone group showed a reduced cell number
of 7.0£0.3x1074 cells (n=3). Notably, the combination
of TTX and TMZ further reduced cell proliferation to
5.31£0.1x1074 cells (n=3, p<0.0001, two-way ANOVA;
TMZ vs. TTX+TMZ: p=0.006, Multiple paired t-test).
Additionally, we investigated whether TTX pre-treat-
ment modulates the levels of phosphorylated ERK
(pPERK) compared to control groups. Immunostaining for
pPERK revealed a significant reduction in nuclear pERK

intensity in the TTX pre-treated group (13.49+8.4 mean
nuclear fluorescent intensity per cell, n=24) compared
to the control group (8.347 £6.694 mean nuclear fluores-
cent intensity per cell, n=24, p=0.0153, Mann-Whitney
test, Fig. 7D), suggesting that Nav channel blockade may
reduce proliferative signaling pathways in glioma cells
(Fig. 7D).

Next, we evaluated the effects of Nav blockade on
tumor growth in vivo. C57BL/6] mice were divided
into two groups: one group was injected with untreated
GL261 cells (control group, CTR) and the other group
with GL261 cells pre-treated with TTX 30 pM for 72 h.
Both groups received daily TMZ treatment for 13 days
following cell injection. The physiological status of the
animals, including the impact of the treatment on motor
function and various behavioral responses, were con-
tinuously monitored and are detailed in Supplementary
Fig. 8. As shown in Fig. 7E, the experimental timeline
included cell treatment, injection, and behavioral moni-
toring, concluding with the sacrifice and analysis of
tumor size and proliferation at day 14. Tumor size was
significantly reduced in the TTX pre-treated group com-
pared to the control group, with mean tumor volumes of
0.13£0.03 mm?® for the TTX group and 0.43+0.05 mm?
for the control group (n=5, p=0.0006, unpaired t-test,
Fig. 7F).

Additionally, the proliferation marker Ki67 was quan-
tified in both groups. The normalized fraction of tumor
area occupied by Ki67-positive cells was significantly
lower in the TTX pre-treated group (68.02£7.19) com-
pared to the control group (100+10.26), indicating
reduced cell proliferation in response to TMZ treatment
(n=5, unpaired t-test, p=0.034, Fig. 7G).

These results demonstrate that Nav channel block-
ade, in combination with TMZ treatment, significantly
reduces glioma cell proliferation both in vitro and in vivo,
enhancing the therapeutic efficacy of TMZ.



Giammello et al. Cell Communication and Signaling (2024) 22:434

Discussion

In the present study, GSCs along with 3D GSC cultures
were employed based on their functional expression
of Na, channel. Major findings from the present study
include: (i) the expression of Na, was associated with
worsened survival rate in patients with proneural sub-
type of GBM and a positive correlation between Na, and
stemness markers has been identified; (ii) pharmacologi-
cal blockade of Na,-mediated current with TTX signifi-
cantly reduced stemness markers and GSCs self-renewal
capability while altering the cells cycle, promoting transi-
tion from G2/M and GO towards G1 phase; (iii) Na, phar-
macological blockade causatively activated the ERK1/2
and Akt pathways and reduced expression of SOX2 and
NANOG [60]; (iv) the increase in the fraction of prolif-
erative GBM cells at the expense of the cancer stem cells
population increased sensitivity to TMZ and significantly
reduced the capability of GBM cells to acquire resis-
tance to the treatment; (v) the most effective combina-
torial approach for reducing GBM cell proliferation was
obtained when TTX was substituted with RLZ and asso-
ciated with the ERK1/2 activator RB5 in the presence of
TMZ.

Na, channels were originally identified in excitable
cells and a total of 9 Na, isoforms has been described in a
variety of cell types. Interestingly, their abnormal expres-
sion has been observed in non-excitable cancer tissues
like breast [18, 61], lung [62, 63], prostate [64, 65] colon
[66] and cervix [67, 68], and linked to cancer cell invasion
and metastasis, while these channels are absent in corre-
sponding non-cancerous tissues.

However, the role of Na, in GBM has not been fully
unveiled yet. The first report available on VGSCs detected
the expression of different isoforms in GBM compared to
other tumors [69]. Indeed, the main isoforms involved in
breast, colorectal and prostatic cancers are Na, ; 5, Na, ; ;
and Na, ; 5, whereas in GBM the most common isoforms
expressed are Na, ; ; and Na, ; ; according to GlioVis data
portal [44], even though other isoforms might be also
significantly expressed [43]. Lately, mutations on the Na,
channel have been correlated with shorter survival rates
in GBM patients [23].

In the present study, we have causally linked the expres-
sion of Na, with the regulation of stemness in GBM via
regulation of the RMP as well as the ERK1/2 signaling
pathway. Shifts in the cell RMP are essential for cell cycle
progression and the role of Na, in this process has been
only recently elucidated [17, 51]. The distinctive proper-
ties of this channel enable it to regulate the RMP in cells
that are more depolarized than neurons or astrocytes,
such as cancer cells. At potentials slightly more hyper-
polarized than the average RMP of GBM cells (~45 mV),
the channel is positioned at the cusp of transitioning
from a closed to an open state, actively contributing to
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the depolarization of the cell. However, if the cell reaches
excessively depolarized potentials, the Na, channel
undergoes inactivation, ceasing its contribution to RMP
regulation. Nevertheless, when GBM cells are maintained
at more hyperpolarized potentials, the density of Na, is
adequate to induce a rapidly inactivating depolarization
resembling a ‘spikelet;, providing direct evidence of the
excitability capacity of GBM cells [70] (also refer to Sup-
plementary Fig. 6A).

Our data show a direct effect of Na, channel block-
ade in the transition of GSCs from depolarized phases
(G2/M and GO) towards more hyperpolarized ones (G1/S
transition) of the cell cycle. This evidence, together with
the effects of Na, current inhibition on the ERK1/2 cas-
cade, allowed us to demonstrate that targeting this chan-
nel leads to improved sensitivity to TMZ. Based on our
findings, the link between Na, and the ERK1/2 and Akt
pathways appears to be distinct when compared to other
tumors. While our data support the hypothesis that Na,
activity is negatively correlated with ERK1/2 and Akt
downstream signaling, previous studies have revealed an
increase in MAPK signaling when Na, activity is elevated
[53]. This discrepancy may stem from differences in the
Na, subunits involved (Na,;; vs. Na,, ;), potential varia-
tions in mediators between the channel and the effector,
or a secondary effect wherein upregulation of ERK1/2
and Akt negatively modulates Na,, ; functional expres-
sion [71].

The potential regulatory roles of SCN1A/Nav1.1-inter-
acting 3 subunits should be explored in depth in future
studies. B subunits are crucial in modulating channel
opening frequency and recruiting downstream effec-
tors, thereby influencing signaling pathways affected
by Na, activity. In cancer biology, p subunits have been
implicated in processes such as cell adhesion, migra-
tion, and metastasis [19, 68, 72, 73]. Understanding the
interplay between SCN1A and its corresponding [ sub-
units in GBM could provide deeper insights into the
molecular mechanisms underlying GBM stemness, inva-
sion, and resistance to TMZ, potentially unveiling novel
therapeutic targets. Additionally, modulating and alter-
ing Na, expression might change intracellular sodium
ion dynamics, thereby affecting the function of other ion
pumps such as the sodium-calcium exchanger (NCX)
[30] and the sodium-hydrogen exchanger (NHE) [74, 75],
which are known to play significant roles in cancer cell
survival and proliferation. Ion channels regulate a vari-
ety of physiological pathways, and we cannot dismiss
the potential involvement of complementary processes,
such as glycolytic acidification [50], invadopodia forma-
tion and remodeling [30, 76], secretory activity [77, 78],
and transcript regulation [79], as part of the antitumoral
effect induced by Na, blockade. The efficacy of some
antiepileptics and anticonvulsants in downregulating
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the Na,-mediated current, opens the perspective for a
potential therapeutic translation [80]. Considering novel
groundbreaking findings regarding GBM interaction
with the microenvironment, it has been recently discov-
ered that neurons can form synaptic contacts to GBM
cells [81] inducing a cascade of events with the results of
a positive effect on the tumor growth [82—84]. Neuronal
mechanisms can trigger GBM cell growth and invasion
and sustain intratumoral cellular heterogeneity.

Given these considerations, the use of antiepileptic and
anticonvulsant agents targeting the Na, channel, in con-
junction with chemotherapy and radiotherapy, may exert
a pivotal antitumor efficacy with a potential tripartite
effect: (a) mitigating seizures that afflict GBM patients,
(b) inhibiting synaptic, action potential-mediated neu-
ron-to-GBM communication, and (c) enhancing sen-
sitivity to TMZ by reducing the GBM stemness profile
through Na, blockade.

While our study primarily focused on the impact and
expression of Nav channels in proneural GBM, our in
vivo model utilizing the GL261 cell line provides promis-
ing support for the potential therapeutic efficacy of Nav
channel blockade. However, it is important to acknowl-
edge that GL261 cells, as previously reported, more
closely resemble the mesenchymal subtype of human
GBM rather than the proneural subtype [85]. This raises
interesting questions regarding the common mechanisms
through which TTX pretreatment may exert its effects
across different GBM subtypes. Mesenchymal GBM is
typically characterized by a more aggressive phenotype,
with enhanced invasiveness and resistance to therapy,
partly driven by the activation of signalling pathways
such as NF-kB, STAT3, and MAPK/ERK [86]. The mod-
ulation of the MAPK/ERK cascade, which is relevant in
both mesenchymal and proneural GBM subtypes, could
underlie the broad applicability of Nav channel block-
ade as a therapeutic strategy. In proneural GBM, Nav
channels may contribute to cell proliferation and sur-
vival, while in mesenchymal GBM, they may influence
invasiveness and resistance. Further research is needed
to fully elucidate the specific mechanisms by which Nav
channel inhibition affects these distinct GBM subtypes
and to determine whether similar therapeutic benefits
can be observed in other models representing the pro-
neural and mesenchymal subtypes.

Conclusions

In conclusion, the findings presented in this study shed a
light on the pivotal role of Na, channels in glioblastoma
(GBM) progression and stemness regulation in vitro and
in vivo. Through a comprehensive analysis of patient
data and experimental models, we demonstrated a sig-
nificant correlation between Na, channel expression and
poor prognosis in GBM patients, particularly within the
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proneural subtype. Importantly, the proposed therapeu-
tic approach of combining Na, channel inhibition with
conventional treatments and leveraging existing antiepi-
leptic medications presents a novel strategy with poten-
tial clinical implications. These findings not only advance
our understanding of GBM pathophysiology but also
offer a promising direction for the development of more
effective treatment strategies against this devastating
cancer.
Abbreviations.

Abbreviations

GBM Glioblastoma
GSCs Patient-derived GBM Sphere-Forming Cell
RMP Resting Membrane Potential

Na, Voltage-Gated Sodium Channel

VGSCs Voltage-Gated Sodium Channel

ERK1/2 Extracellular Signal-Regulated Kinases 1/2

AKT Protein Kinase B

CNS Central Nervous System

™Z Temozolomide

DMEM Dulbecco'’s Modified Eagle Medium

RPMI-1640  Roswell Park Memorial Institute (RPMI) Medium
WPMY-1 Human Prostatic Stromal Myofibroblast Cell Line
CDT1 Chromatin Licensing and DNA Replication Factor 1
mKO2 monomeric Kusabira-Orange 2

MAG1 monomeric Azami-Green 1

HEK293T Human Embryonic Kidney 293T

PBS Phosphate-Buffered Saline

RIPA Radioimmunoprecipitation Assay Buffer

cv Crystal Violet

MTT 3-(4,5-Dimethylthiazol-2-Y1)-2,5-Diphenyl Tetrazolium Bromide
ASIC1A Acid-Sensing lon Channel 1a

SOX2 SRY-Box Transcription Factor 2

SOX10 SRY-Box Transcription Factor 10
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