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Abstract  
Glioblastoma multiforme is a lethal brain tumor. Experimental efforts to date have advanced 
our understanding of this tumor's pathophysiology. However, characterizing molecular targets 
is necessary to identify potential vulnerabilities and address its pathogenesis effectively. Here, 
we present excised glioblastoma multiforme brain tumors from two patients. We conducted in 
situ and in vitro Ca2+ imaging, end-point RT-PCR, and histological experiments to partially 
characterize the origin of intracellular Ca2+ responses in glioblastoma multiforme cells under 
diverse extracellular ionic and chemical-transmitter environments. These experimental 
approaches revealed that 70% of glioblastoma multiforme cells elicited spontaneous 
intracellular Ca2+ movements, among which 9% displayed rhythmic fluctuations, despite the 
absence of extracellular calcium and sodium. Moreover, IP3R and SERCA chemical antagonists 
were unable to completely inhibit these intracellular Ca2+ movements, while RT-PCR studies 
showed the expression of S100A9, KCNH1, SLC12A5, and SLC8A1. All these results suggest the 
participation of these proteins as part of the glioblastoma multiforme cell signaling machinery. 
 
Keywords: Human, cancer, neurotransmitter, glial cells, intracellular calcium. 
 
Resumen  
El glioblastoma multiforme es un tumor cerebral letal. Los esfuerzos experimentales realizados 
hasta hoy han mejorado nuestra comprensión sobre la fisiopatología de dicho tumor. Sin 
embargo, es necesario encontrar objetivos moleculares para identificar vulnerabilidades 
potenciales y abordar su patogénesis eficientemente. Este trabajo estudió tumores cerebrales 
de glioblastoma multiforme extirpados de dos pacientes. A través de registros de Ca2+ 
intracelular in situ e in vitro, RT-PCR de punto final y experimentos histológicos se caracterizó 
parcialmente el origen de las respuestas de Ca2+ intracelular en células de glioblastoma 
multiforme humano expuestos a diversas concentraciones extracelulares iónicas y de 
transmisores químicos. Con ello se encontró que el 70% de las células de glioblastoma 
multiforme generaron movimientos espontáneos de Ca2+ intracelular, entre los cuales 
aproximadamente el 9% mostró fluctuaciones rítmicas, incluso en ausencia de calcio y sodio 
extracelular. Además, los antagonistas de IP3R y SERCA no inhibieron completamente las 
respuestas de Ca2+ intracelular, mientras que los estudios de RT-PCR mostraron la expresión de 
S100A9, KCNH1, SLC12A5 y SLC8A1. Estos resultados sugieren la participación de estas proteínas 
como parte de la maquinaria de señalización celular del glioblastoma multiforme. 
 
Palabras clave: Humano, cáncer, neurotransmisores, células gliales, calcio intracelular. 
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1. Introduction  
Glioblastoma multiforme (GBM) is a highly 
aggressive and deadly brain cancer, with a 
median survival time of less than two 
years.1,2 Despite advances in treatment3 the 
molecular mechanisms underlying GBM are 
not fully understood, and current therapies 
are often ineffective. Previous studies have 
identified ion channels and transporters as 
potential therapeutic targets for GBM1, but 
their role in the development and 
progression of the disease is still not well 
understood. For instance, it is known that 
glioma cells intercommunicate through 
tumor microtubules via gap junctions to 
form functional multicellular networks 
within the brain. These tumor cell networks 
frequently use Ca2+ waves to communicate 
and are believed to participate in tumor 
network renewal after surgery, leading to 
tumor recurrence, and to resist other 
therapy approaches, such as chemotherapy 
and radiotherapy.4 Nonetheless, complex 
multicellular patterns of Ca2+ activity are 
found in glioma tumor cells but their cellular 
origin and contribution to its 
pathophysiology are still unclear. Hence, 
due to its medical relevance, here we 
studied GBM samples of two patients and 
assessed the role of ion channels and 
transporters in its pathophysiology. 
Particularly, we monitored spontaneous and 
evoked intracellular Ca2+ movements (iCaM) 
in GBM cells using Fluo-4 AM imaging to 
study the contribution of extracellular Ca2+ 
ions and chemical-transmitters in the 
generation of these responses. Additionally, 
through end-point RT-PCR studies we 
investigated the expression of the ion 
transporters SLC8A1 and SLC12A5, the 
calcium-binding protein S100A9, and the 
potassium channel Kv10.1 in GBM cells, which 
are known to participate in cellular ion 
homeostasis. Our goal was to study GBM cell 
pathophysiology in vitro and to identify 
potential macromolecular targets that may 

lead to prognostic biomarkers for patients 
with this devastating disease. 
 

2. Case presentation  
Patient 1 
A 57-year-old male presented with a 15-day 
history of bilateral weakness, 
predominantly affecting the lower limbs, 
along with marked gait impairment. Past 
medical history and remaining physical 
exam did not reveal any significant findings. 
A contrast-enhanced CT scan (Figure 1) 
revealed an ill-defined, heterogeneous, 
hypodense right temporal lesion with 
extension to ipsilateral basal nuclei, 
associated with partial collapse of the right 
ventricular system. The patient underwent 
craniotomy with excision of the lesion and 
postoperative histopathological 
examination confirmed primary GBM (WHO 
grade IV).  

 
Patient 2 
A 64-year-old female presented with a 6-
month history of memory deficits, 
headaches, loss of balance, and tremors 
involving hands and lips, followed by 
disorientation to space and time and 

Figure 1. Contrast enhanced CT scan of 
intracranial tumor in the right temporal lobe 
prior to craniotomy. 
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deviation of the left labial commissure one 
month prior to her admission. Three days 
preceding her admission, the patient 
presented with nystagmus, dysarthria, 
dysphagia, ataxic gait, and finally, sudden 
onset cognitive impairment. Upon her 
arrival, a physical examination revealed 
pale skin, perioral cyanosis, lethargy, 
bradylalia, anisocoric pupils with bilateral 
hypo-reactivity to light, and generalized 
weakness, predominantly of upper limbs. 
Medical history included untreated bipolar 
disorder. A head CT scan (Figure 2) revealed 
a heterogenous, hypo and hyperdense right 
temporal lesion with areas of necrosis 
associated with perilesional edema 
compressing the mesencephalon and 
ventricular system.  
 

3. Materials and Methods 
All methods were performed in accordance 
with relevant guidelines and regulations of 
the University of Sonora and approved by 
the Research Ethics Committee of the 
General Hospital of the State of Sonora, 
Hermosillo, Mexico (CEI 2022-39). 
Appropriate consents and permissions for 
publication were obtained, ensuring 

compliance with all relevant regulations and 
protocols. 

Following excision, tumors and matched 
control samples (dura mater and cortex) 
were immediately placed in cold (4-8 °C) 
physiological artificial cerebrospinal fluid 
(aCSF) containing (in mM): 135 NaCl, 5.4 KCl, 
1.8 CaCl2, 1 MgCl2, 5 HEPES, 10 glucose; pH 
adjusted to 7.4.  

 
3.1 GBM primary cell cultures 
GBM primary cell cultures were achieved 
following the method described by García-
Carlos et al.4 Human GBM cells were placed 
on poly-D-lysine-coated coverslips and 
cultures were kept at 37 °C with 5% CO2 and 
95% air. The culture medium was changed 
every third day over two weeks.  

 
3.2 Ca2+ imaging experiments 
From excised GBM tumors, we obtained GBM 
slices (400 µm thick) and performed Ca2+ 
imaging and end-point RT-PCR experiments. 
Additionally, GBM primary cell cultures (see 
below) were incubated in Petri dishes 
containing 10 µM Fluo-4 AM (Thermo Fisher 
Scientific, USA) diluted in aCSF for 10 min. 
GBM slices and cell cultures were fixed in a 
custom-made perfusion chamber positioned 
on a DM500 microscope platina (Leica 
Microsystems, USA). Specimens were 
perfused with physiological aCSF at a rate of 
4 mL/min and visualized through a 20x/0.8 
NA immersion objective (Leica Microsystems, 
USA). An X-cite XYLIS™ system (Excelitas 
technologies, USA) was applied to excite 
Fluo-4 (488 nm) with a LED intensity of 5%. 
The fluorescence emission (510 nm) was 
collected through a dichroic mirror. Frames 
were scanned and recorded at a rate of 2 
frames/s during 10 min, using an Electro-
Retiga CCD camera (Teledyne Photometrics, 
USA) with a resolution of 1376 x 1024 pixels. 
Baseline intracellular Ca2+ movements (iCaM) 
were represented by the fluorescence 
intensity ratio (%ΔF, arbitrary units, AU) and 

Figure 2. Simple CT scan of intracranial tumor 
in the right temporal lobe prior to craniotomy. 

https://doi.org/10.25009/eb.v15i38.2632
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were acquired through PVCAM software 
(Teledyne Photometrics, USA). 

Following data acquisition, finite regions 
of interest of the frames were selected and 
analyzed with ImageJ 1.54g FIJI software (NIH, 
USA). iCaMs were depicted by Origin Pro 9.65 
(OriginLab Corporation, Northampton, USA). 
Changes in fluorescence intensity are 
described as %ΔF and are displayed as mean 
± standard error of n ≥ 25 cell recordings. 

Via ion substitution, we recorded iCaM 
only in GBM cell cultures perfused with zero-
Ca2+ aCSF (in mM: 135 NaCl, 5.4 KCl, 2.8 MgCl2, 
5 HEPES, 10 glucose; pH 7.4) and zero-Na+ 
aCSF (in mM: 135 Choline-Cl, 5.4 KCl, 1.8 CaCl2, 
1 MgCl2, 5 HEPES, 10 glucose; pH 7.4). 
Subsequently, to elucidate the role of K 
channels, GBM cells were alternatively 
perfused with 20 mM KCl, 1 µM BaCl2 and, 
both 1 µM BaCl2 + 20 mM KCl, dissolved in 
physiological, zero-Ca2+, and zero-Na2+ aCSF.  

GBM cell cultures were perfused with 
pharmacologic agents, 2-
aminoethoxydiphenyl borate (50 µM 2-APB, 
cyclopiazonic acid (20 µM CPA), glutamate (1 
mM), ATP (1 mM), angiotensin II (1 µM Ang II), 
and dopamine (1 mM). All reagents were 
obtained from Sigma-Aldrich unless 
indicated otherwise.  

 
3.3 Immunofluorescence assay 
In GBM cell cultures, immunofluorescence 
assays were carried out as described by 
Montiel-Herrera, et al.5 In brief, following cell 
culture iCaM recording, cells were fixed in 
molecular grade methanol (≥99.9%) at -20 °C. 
At room temperature, primary rabbit anti-
glial fibrillary acidic protein (anti-GFAP, 
1:200; G9269, Sigma-Aldrich, USA) was used 
to incubate cells for 24 h and subsequently 
washed out 3 times with aCSF. Thereafter, 
cells were incubated with a secondary 
antibody, fluorescein isothiocyanate (FITC)-
conjugated-goat antibody anti-rabbit IgG 
(1:300; F0382, Sigma Aldrich, USA) for 1 h. The 
samples were washed out as previously 

described and examined with an 
epifluorescence microscope for determining 
the percentage of immunoreactive cells. 
Control cells were treated with the 
secondary antibody alone. The latter did not 
fluoresce significantly. Assays were 
performed 3 times. 

 
3.4 Histological analysis 
GBM tissues were dehydrated, embedded in 
paraffin blocks, and 5 µm sections (n=12) 
were fixed onto glass slides. Eosin staining 
was performed, followed by a series of 
washes using 70/80/96% ethanol, absolute 
alcohol, and xylol. Slides were observed 
under an inverted Leica DM500 microscope 
(Leica Microsystems, USA) with a 40x 
objective lens. Images were captured using 
an Electro-Retiga CCD camera (Teledyne 
Photometrics, USA) with 1376 x 1024-pixel 
resolution. An area of 100 µm2 was selected 
for each tissue section (n=12 slices from both 
samples) and masks were generated for cell 
count for the selected finite region of 
interest using ImageJ FIJI software (NIH, USA). 
This procedure was used only to confirm the 
general characteristics GBM tumors.6 

 
3.5 Reverse transcription-polymerase 
chain reaction (RT-PCR) 
Total RNA (tRNA) extraction of GBM tissues 
and their matched control tissue was 
performed using Direct-zol RNA MiniPrep 
according to the manufacturer’s instructions 
(Zymo Research), followed by reverse 
transcription (RT) carried out using the 
GoScript reverse transcription system 
(Promega). Both tRNA and RT were 
quantified using a Nanodrop apparatus 
(Thermo Fisher, USA). Amplification of cDNA 
was achieved by end-point PCR using a 
MiniAmp Thermal Cycler (Applied 
Biosystems) and visualized using agarose gel 
electrophoresis. All products are the result 
of ≥2 repetitions. Primer sequences and 
amplicons are shown in Table 1. 

https://doi.org/10.25009/eb.v15i38.2632
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Primer Sequence 5’ to 3’ (forward, reverse) Amplicon NCBI ID 

S100A9  

 

CTCCTCGGCTTTGACAGAGTG 

CAGCTGCTTGTCTGCATTTGT 

250 bp NM_002965.4 

KCNH1  

 

AACGTGGATGAGGGCATCAG 

GTACAGCCAGCTGTTGTTGC 

240 bp NM_002238.4 

SLC12A5  

 

AAAAAGAAGCCGGTGCAGGC 

CACCATGCAGAAGGACTCCA 

147 bp NM_001134771.2 

SLC8A1  

 

GCGGCGATTAAGTCTTTCAC 

TTGTTCCCAAAAGAAGGGTC 

162 bp NM_021097.5 

β-actin  

 

TCGTGCGTGACATTAAAGAG 

TGCCACAGGATTCCATAC 

198 bp NM_031144.3 

Table 1. Experimental oligonucleotide sequences. Sequences were confirmed using Basic Local Alignments 
Search Tool (NIH). 

 

4. Data analysis 
All data obtained from intracellular Ca2+ 
recordings in GBM cells were analyzed with 
descriptive statistics and are given as mean 
± standard error of n ≥ 25 cells, unless 
indicated otherwise. End-point RT-PCR data 
were obtained from at least 2 replicas. 
 

5. Results 
The histological analysis confirmed general 
characteristic of human GBM tumor (not 
shown).6 Based on the immunofluorescence 
assays conducted in GBM cells, over 95% of 
recorded cells were positive to GFAP.  
 

5.1 GBM cells show spontaneous 
intracellular Ca2+ movements (iCaM)  
In situ Ca2+ imaging experiments carried out 
in GBM slices from both samples perfused 
with physiological aCSF, zero-Ca2+ and zero-
Na1+ revealed spontaneous iCaM (Figure 3). 
Of 142 GBM cells recorded, 70% presented at 
least one iCaM among which, roughly 9% 
demonstrated rhythmic fluctuations (Figure 
3A). Under physiologic aCSF, 24/65 GBM cells 
presented at least one spontaneous iCaM, 
38/86 in zero-Ca2+, and 26/33 in zero-Na1+.  
Furthermore, 71 of 142 GBM cells exposed to 
20 mM K1+ under physiologic aCSF presented 
iCaM.  

 
 
 
 

https://doi.org/10.25009/eb.v15i38.2632
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Primary cell cultures exposed to 20 mM 
K1+ produced similar iCaM when perfused 
with physiologic aCSF and in the absence of 
extracellular Ca2+ (26%, n=27, and 24%, n=78, 
respectively). Among responses generated 
with zero-Ca2+ + 20 mM K1+ aCSF, 11% (n=78) 
displayed rhythmic fluctuations. Notably, 
iCaM were increased when extracellular Na1+ 
was removed (55%, n=29). Additionally, the 
aCSF perfusion containing 1 µM Ba2+ + 20 mM 
K1+, zero-Ca2+ (Figure 3B), and zero-Na1+ 
(Figure 3C) evoked iCaM in 11% (n=27), 22% 
(n=78), and 35% (n=26) cells, respectively.  

Furthermore, we assessed the 
intracellular signaling mechanisms 
associated with iCaM in cultured GBM cells. 
Upon inhibition of inositol 1,4,5-
trisphosphate receptor (IP3R) using 2-APB, 
we continued to observe iCaM activity in 
GBM cells (76% of cells, n=71; Figure 3D). 

However, iCaM were reduced in GBM cells 
upon inhibition of the sarcolemma-
endoplasmic reticulum Ca2+-ATPase (SERCA) 
by CPA in 12% of cells (n=73; Figure 3E).  
 

5.2 Neurotransmitters evoke iCaM in GBM 
cells 
GBM cells responded to 1 mM glutamate, 1 
mM ATP, 1 µM Ang II, and 1 mM dopamine 
with iCaM (Figure 3F). Glutamate elicited 
responses in 9% (n=348) of cells, while ATP 
prompted responses in a lower percentage, 
with 6% (n=348) of cells. Ang II, on the other 
hand, induced responses in 5% (n=348) of 
cells, suggesting relatively limited cellular 
responsiveness to these chemical 
transmitters. In contrast, dopamine exerted 
a major number of iCaM (26% of cells, n=348) 
of outward oscillatory characteristics.  

Figure 3. Human glioblastoma multiforme cell intracellular Ca2+ movements. A, spontaneous intracellular 
Ca2+ movements (iCaM); B-C, effect of Potassium and Barium ions on iCaM; D-E, effect of 2-APB and CPA on 
iCaM; F, evoked iCaM by Glu, glutamate, DA, dopamine, Ang II, Angiotensin II, and ATP, adenosine 
triphosphate.  

https://doi.org/10.25009/eb.v15i38.2632
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5.3 mRNA expression 
End-point RT-PCR was performed to 
determine if differences existed between 
GBM samples and matched non-neoplastic 
tissue (dura mater and cortex). We found 
the expression of all amplicons studied, 

including ion transporters Na/Ca (SLC8A1) 
and K/Cl (SLC12A5), the K channel Kv10.1 
(KCNH1; HERG), and the calcium-binding 
protein S100A9, present in all 4 tissues 
(Figure 4). 
 

 
6. Discussion 

In glial cells, electrochemical gradients, 
extracellular agonists, mechanical stretch, 
and intracellular chemical messengers 
evoke transient intracellular Ca2+ 
fluctuations regulated by specialized 
machinery which allow Ca2+ cytoplasmic 
accumulation, storage, and release.7 This 
signaling machinery includes ion channels, 

exchangers, pumps, and binding proteins 
found in cell and organelle membranes.8 
Each of these present potential 
vulnerabilities that could be targeted to 
combat and ultimately overcome the 
pathology of GBM cells.9 iCaM occur at 
distinct spatial and temporal levels along 
cells, which are in turn decoded into 
intrinsic functional effects or transmitted to 

Figure 4. Endpoint RT-PCR amplicons of GBM 1 (A) and GBM 2 (B) with matched controls. 

https://doi.org/10.25009/eb.v15i38.2632
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adjacent cells.10,11 Therefore, the specific 
characteristics of GBM cells could be 
determined by variations in both the type 
and quantity of the signaling machinery 
they possess.9 

Evidence suggests that aberrant 
intracellular Ca2+ signaling may play a 
critical role in the pathogenesis of GBM by 
promoting tumor growth, migration, and 
resistance to therapy.12 The mechanisms 
underlying the generation and regulation of 
these Ca2+ oscillations are not well 
understood. Here, we used in situ and in 
vitro Ca2+ imaging, along with molecular 
biology techniques, to partially characterize 
the nature of iCaM in GBM cells in response 
to different extracellular ionic and 
chemical-transmitter environments.  

As recently found, we also discovered the 
presence of rhythmic iCaM in GBM samples. 
This autonomic activity is known to trigger 
KCa3.1 and subsequent downstream 
activation of MAPK and NF-κB pathways.9 In 
our study, the rhythmic and overall Ca2+ 
oscillations were attenuated when exposed 
to Ba2+ (in physiologic and zero-Ca2+ aCSF), a 
time- and voltage-dependent inhibitor of 
the human ether-à-go-go related gene 
(HERG).13 Both HERG and KCa3.1 have shown 
to be upregulated in GBM and attributed to 
its invasive characteristics.13,14  

Alike previous studies performed on GBM 
and colorectal carcinoma cell lines, 
elimination of extracellular Ca2+ influx does 
not abolish spontaneous iCaMs, suggesting 
that internal stores have an important role 
in cytosolic Ca2+ concentrations.15,16 Li et al. 
(2020) reported that these Ca2+ transients 
were present for up to 1-2 h following 
withdrawal of extracellular Ca2+ but were 
eliminated after 4 h.15 Interestingly, we 
observed a higher percentage of cells 
generating iCaMs in the absence of 
extracellular Ca2+ and Na1+ ions compared to 
physiological aCSF. These findings raise 
several intriguing questions about the 

mechanisms underlying these oscillations 
that merit further research.  

Li et al. (2020) demonstrated that GBM 
cells can reach unusually high Ca2+ 
concentrations (3-5 µM) without triggering 
cell death, possibly mediated by 
overexpression of mitochondrial Ca2+ 
uniporter (MCU).15 Silencing this 
mitochondrial Ca2+ uniporter causes a 
decrease in spontaneous Ca2+ fluctuations, 
but does not entirely eliminate them, 
implying additional internal stores 
contribute to cytosolic Ca2+ oscillations. To 
investigate this, we perfused GBM cultures 
with 2-APB, a selective inhibitor of IP3R-
mediated Ca2+ release17, expressed primarily 
in the endoplasmic reticulum and Golgi 
apparatus. We found that 75% of GBM cells 
(n=71) continued to evoke spontaneous 
iCaMs despite IP3R inhibition, indicating 
that distinct mechanisms may be used for 
Ca2+ signaling. In contrast, previous studies 
have reported that inhibition of IP3R 
significantly inhibits rises in intracellular 
Ca2+ in GBM cell lines and inhibits in vivo 
tumor growth of colon and prostate cancer 
cells.16,18 Additionally, we found that the 
inhibition of SERCA by CPA19 significantly 
reduced the amount of GBM cells producing 
iCaM. SERCA is known to contribute to free 
Ca2+ clearance and to increase cytosolic Ca2+ 
via interaction with stromal interacting 
molecule (STIM1) adaptor protein.20 STIM1 
directly interacts with Orai1, a pore forming 
unit of the store-operated Ca2+ and has 
previously been implicated in GBM cell 
invasion.21 These studies, along with our 
findings, may indicate that GBM cells may 
use the SERCA-STIM1/Orai1 complex for 
generating iCaM; however, it is important to 
note that this mechanism is not the sole 
contributor of iCaM production, as iCaMs 
were not completely eliminated despite all 
experimental conditions used.  

In physiological aCSF, the presence of 
Na1+ allows for normal functioning of Na+1-

https://doi.org/10.25009/eb.v15i38.2632
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dependent ion transporters, such as the 
Na/Ca exchanger, Na/K ATPase, and 
Na/Cl/K cotransporter. When Na+1 is 
removed from the extracellular solution, it 
disrupts the activity of these Na+1-
dependent ion transporters, specifically the 
Na/Ca exchanger, which normally helps 
remove excess Ca2+ from the cell. Without 
Na+1, the exchanger's activity may be 
compromised, leading to impaired Ca2+ 
extrusion and subsequent accumulation. 
These results are supported by findings 
showing that blocking the reverse mode of 
the Na/Ca exchanger does not affect tumor 
growth, while suppressing the forward mode 
suppresses human GBM cell lines.22 
Although other factors may be participating 
in the aggressiveness of GBM cells 
associated with iCaM triggered by 
biomechanical forces23–25 that merit further 
research. In this context, it was surprising 
that a small percentage of GBM cells 
responded with iCaM in response to 
common transmitters like glutamate, ATP, 
and Ang II, in comparison to dopamine. 
Dopamine signaling has garnered growing 
attention as a target of interest in GBM 
tumorigenesis and may play an interesting 
role in the pathogenesis of GBM. Lower 
levels of DRD1 expression in GBM human 
samples and experimental models have 
been associated with shorter median 
survival times and increased cell viability, 
respectively.26 Similar to our study, Yang et 
al (2020) demonstrated that DRD1 agonists 
increase fluorescent intensity in Fluo 4-
loaded GBM cells, and concurrent DRD1 
knockdown prevents its increase. Upon Ca2+ 
chelation by BAPTA, the effect of DRD1 
agonists on GBM cells was partially 
inhibited, leading to improved cell 
viability.26 This leads to the assumption that 
the increased iCaM evoked by dopamine in 
our study may be attributed to DRD1 
activation, potentially triggering either PKA 
or PLC/IP3 signaling pathways, and 

ultimately leading to cell death. In addition 
to dopamine, we tested glutamate, ATP, and 
Ang II. While all three elicited comparable 
responses among themselves, dopamine 
differed from them in terms of inducing 
more iCaM and exhibiting an inverted bell-
shaped amplitude.  

With the goal to identify possible 
molecular targets on GBM cells, we 
investigated through end-point RT-PCR the 
expression of the ion transporters Na/Ca 
and K/Cl, the K channel Kv10.1, and the 
calcium-binding protein S100A9. Although 
the expression of all amplicons studied 
were present in GBM samples and matched 
control tissues, GBM amplicon products 
appeared to be expressed with greater 
intensity compared to control. Nonetheless 
further experiments are required to 
properly quantify significant differences 
between samples. Of interest, the S100 
proteins regulate cellular responses 
following the detection of intracellular Ca2+ 
changes and have been described to 
participate in GBM proliferation and 
invasion.27,28 We identified S100A9 mRNA in 
both tumor and matched control tissues. 
S100A9 has been reported to be over-
expressed in tumor-infiltrating myeloid-
derived cells and plasma from glioma 
patients rather than the tumor itself.29,30 
Neurons can also release S100A9 (in 
conjunction with S100A8), resulting in Kras-
induced gliosis and microglia recruitment.31 
Nonetheless, S100A9 has been found to be 
strongly up regulated in GBM stem cells.32 By 
exerting inhibitory effects on telomerase 
activity and thereby enhancing cellular 
immortality,8 these Ca2+ binding proteins 
strengthen the notion that non-neoplastic 
cells, such as the dura mater and cortex 
beforementioned, may actively participate 
in shaping a tumor-permissive 
microenvironment through the release of 
S100A9.  
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In pursuit of a better understanding of 
the Ca2+ signaling heterogeneity observed in 
GBM cells, future research should prioritize 
functional validation. This is paramount to 
establishing causal relationships between 
identified channels and the observed 
cellular responses. Conducting targeted 
knockdown or overexpression studies in 
GBM-animal models will enable researchers 
to manipulate the expression levels of 
specific molecular entities and assess their 
impact on calcium dynamics. 
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