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ARTICLE INFO ABSTRACT

Keywords: Glioblastoma multiforme (GBM), a multifactorial deadliest cancer with constrained clinical efficacy due to
Ade‘f(’Si‘?e A2A receptor ) heterogeneity, drug resistance, side effects of the chemotherapeutic drug, necessitating the development of novel
fasi{n kinase 15 kinase domain cancer therapeutics. The adenosine A,s receptor targeted binding of antagonist leads to regulation of down-
n siico

stream effectors, mediating the phosphorylation of Casein kinase 15 kinase domain (CK18) in cancers. Here, we
performed a comparative investigation of Food and Drug Administration (FDA) approved drugs, istradefylline
and riluzole inhibiting adenosine Ay receptor and CK15 isoform in GBM cell growth. Molecular interaction of
riluzole with CK16 isoform and istradefylline with adenosine A receptor was identified through molecular
docking and dynamic simulations. The potential of these two FDA approved drugs in inhibiting GBM cell growth
was investigated through various in-vitro analysis including dose-dependent dynamic assay, cell cycle assay,
apoptosis assay by flow cytometry. Further the effect of these drugs on spheroid cell growth and cell size was
measured. In silico analyses demonstrated that riluzole binds strongly to CK18 isoform with a binding energy of
—9.02 kcal/mol, whereas istradefylline binds to adenosine Aa receptor with —9.88 kcal/mol. In vitro evaluation
revealed that riluzole increased cell growth inhibition by 24 % in LN229 cells and 36 % in SNB19 cells than
istradefylline. Riluzole arrested the cell cycle at S phase in both cell lines, whereas istradefylline arrest was cell
line specific. Three-dimensional (3D) spheroid model of 1321N1 GBM cells further demonstrated that riluzole
inhibits ~50 % higher cell growth inhibition than istradefylline with effective reduction in spheroid volume and
size. Overall, our analysis revealed that blocking of adenosine Ajs receptor downstream signaling pathway
protein CK18 with its inhibitor, riluzole, showed higher anti-GBM effect than its upstream signaling blocker,
istradefylline. Thus, blocking adenosine Apa receptor downstream effector signaling protein through its antag-
onist and blocking its effector protein CK18 could provide an opportunity to develop targeted therapy for GBM.

Cell death
3D spheroids

1. Introduction therapy, chemotherapy, and adjunctive use of tumor-treating field (TTF)
technology (Kast et al., 2013; Cantrell et al., 2019). Despite of the

Glioblastoma (GBM), the lethal malignant brain tumor worldwide multimodal approach such as advancements in surgical imaging tech-
has an overall survival rate of 6.8 % (Ostrom et al., 2019). The treatment niques (Wu et al., 2021) for extensive removal of tumor tissue, the use of
strategy currently includes surgical resection along with radiation Optune®, a medical device that creates low-intensity and alternating
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tumor treating fields, stereotactic radiosurgery and brachytherapy
(Mehta et al., 2017) to control brain metastases, the overall survival rate
and quality of life remains poor. Several drugs approved by the Food and
Drug Administration (FDA) for GBM treatment at various stages of
clinical trials, together with their targets and associated effects, are
detailed in Table 1. Traditional drug development for GBM is hindered
due to its high cost and low success rate; hence, repurposing drug is
considered as a significant alternative and a novel approach (Hernandez
et al., 2017).

Adenosine receptors (AR), A1, Asa, Azp, and Ag, play an important
role in neuroinflammatory disorders and the development and pro-
gression of various cancers, including glioblastoma. Among the four
AR’s, adenosine Agp receptor inactivation protects the brain by inhib-
iting glutamate release and suppressing proinflammatory cytokines
(Popoli et al., 2002). adenosine Ayp receptor signaling activation leads
to the activation of the phosphatidylinositol 3-kinase (PI3K)/protein
kinase B (AKT) signaling pathway (Ma et al., 2019), with the involve-
ment of phosphorylated AKT (pAKT) in tumor cell transition,
anti-apoptosis and promotion of tumor cell growth and metastasis (Chen
et al., 2007; Sasaki and Kuniyasu, 2014; Jacobson et al., 2021). Blockade
of the adenosine Aya receptor signaling pathway with potential antag-
onist inhibits protein kinase C isoform a (PKCa), that mediates phos-
phorylation of a downstream signaling protein, Casein kinase 18 kinase
domain (CK18). Notably, CK18 alone is considered as a promising target
for several pathophysiological processes including neurodegenerative
diseases, cancer, cytokinesis, cell cycle progression, apoptosis, DNA
damage response, and RNA metabolism. Besides autophosphorylation,
CK15 is also phosphorylated by other kinases including PKA (cAMP--
dependent protein kinase), Akt (protein kinase B), CLK2 (CDC-like ki-
nase 2), PKCa, and Chk1 (checkpoint kinase 1).

However, the comparative effectiveness of adenosine Ajp receptor
and CK13 inhibition in glioblastoma, thereby inducing GBM cell death is
not yet reported. Thus, the present study is focused on exploring the
effect of currently available FDA-approved drugs, riluzole and istrade-
fylline, which could either effectively inhibit CK18 isoform and/or
adenosine Ajp receptor respectively, which would improve the treat-
ment modality against GBM. Riluzole belong to the 2-aminobenzothia-
zole family of widespread oral drug for the fatal neurodegenerative
disorder amyotrophic lateral sclerosis (ALS)(Saitoh and Takahashi,

Table 1
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2020), and is reported to be a ATP-competitive inhibitor for the protein
kinase CK1 isoform & (Bissaro et al., 2018).

Numerous studies have explored the mechanism by which riluzole
could also target a number of cancer types including pancreatic cancer
(Sun et al., 2021), colorectal cancer(Fortunato, 2017), melanoma
(Namkoong et al., 2007), prostate cancer(Wadosky et al., 2019), breast
cancer(Speyer et al., 2017), glioblastoma(Benavides-Serrato et al.,
2020a), and lung cancer(Lemieszek et al., 2018). Riluzole inhibits GBM
cell growth by reducing glucose transporter 3 (GLUT3) transporter
expression, thereby modulating the metabolic activity of the cell by
altering the phosphorylation of AKT (Sperling et al., 2017). Another
noteworthy drug, istradefylline is proven to be extremely selective and
used as an oral active adenosine Agp receptor antagonist (Chen et al.,
2007; Murugesan et al., 2025) against sclerosis, spinal cord injuries,
myelopathy (Kutryb-Zajac et al., 2023) and various cancers(da Silva
et al., 2023). Istradefylline is a xanthine derivative and the only
FDA-approved drug for the treatment of Parkinson’s disease which has
emerged as an adjunctive therapy.

As the CK18 and CKle isoform possess higher conservation and af-
finity at their catalytic domain (Gross and Anderson, 1998; Du et al.,
2021), the present work is initially focused in assessing the binding ef-
ficacy of riluzole with CK isoforms (a, B, y1, y2, v3, 8, and ¢) and istra-
defylline with adenosine Ay, receptor through the molecular interaction
and docking studies. Based on the efficient interaction of these two
FDA-approved drugs with their target site, they were further experi-
mentally validated to investigate the GBM cell death through various in
vitro experiments. Overall, CK18 and adenosine Aga receptor targeting
FDA approved drugs were repurposed to investigate their efficacy
against GBM cell growth and proliferation.

2. Methods
2.1. Chemicals, enzymes and reagents

The human glioblastoma cell lines LN229, SNB19 (Xu et al., 1998
Attardi et al., 2004) (gifted by Prof. Maria Stella Carro, University
Medical Center Freiburg, Germany); Human brain astrocytoma cell line,
1321N1 (Tonazzini et al., 2010) 1321N1 (Istituto Zooprofilattico,
Brescia, Italy); Mouse embryonic fibroblast cells (MEF) (gifted by Prof.

Recent examples of FDA approved drugs for GBM treatment in different phases of clinical trials representing their targe and its corresponding effect. The data was

retrieved from ClinicalTrials.gov, Accessed Mar 7, 2025.

Treatment Clinical trials phase Type Target Effect
CART phase I CAR cells CARvV3-TEAM-E enhance or trigger an
EGFRVIIL immune response
interleukin (IL)-13Ra2
GD2
SurVaxM phase II synthetic conjugated survivin, inhibitor of
vaccine apoptosis
DCVax-L phase III dendritic cell vaccine tumor antigens (incl.
EGFRVIII)
MV-CEA phase I oncolytic measles virus Immune system
CAN-3110 phase I oncolytic herpes simplex Immune system
virus
Depatuxizumab mafodotin phase III monoclonal antibody EGFR delivers temozolomide once
endocytosed
Bevacizumab FDA approved in 2009 VEGF blocks proliferation
Trotabresib phase I small molecule bromodomain and
extraterminal proteins
Temozolomide FDA approved in 2005 DNA DNA crosslinking
Carmustine FDA approved in 1976, in 1996 as Gliadel Wafer
and in 2003 as wafer implant
Lomustine FDA approved in 1976
Hypofractionated phase II Approach (reduces DNA improves quality of life
radiotherapy treatment duration)
Stereotactic radiosurgery phase I/1I surgery Tumor area minimizes surgical invasion

Optune, tumor treating
fields device

FDA approved in 2015

alternating electric fields at
200 kHz

tumor treating fields (TTF)
device

disrupts tumor cell division



http://ClinicalTrials.gov
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Pasi Kallio, Faculty of Medicine and Health Technology, Tampere) were
cultured and maintained in Dulbecco’s Modified Eagle Medium (DMEM)
(Cat. No. D5796-500 ML, Sigma-Aldrich, St. Louis, MO, United States).
The cell lines free of mycoplasma were used for all the in-vitro analyses.
The following chemicals, enzymes, and reagents were purchased from
the following respective companies: Dulbecco’s Modified Eagle Medium
(Cat. No. D5796-500 ML, Sigma-Aldrich, St. Louis, MO, United States);
fetal bovine serum (Cat. No. S181H, Biowest, Nuaillé, France); Strep-
tomycin and Penicillin (Cat. No. P4333-100 ML, Sigma-Aldrich, St.
Louis, MO, United States); Riluzole (Merck, Cat. No. R116); Istradefyl-
line (Merck, Cat. No. SML0422): dimethyl sulphoxide (Cat. No.
D5796-500 ML, Sigma-Aldrich, St. Louis, MO, United States); propidium
iodide (PI) (Thermo Fisher Scientific, Waltham, MA, USA).

2.2. Molecular docking

The molecular docking of six Casein kinase isoforms with riluzole
was carried out using AutoDock Vina to explore their binding in-
teractions (Trott and Olson, 2010). The Protein Data Bank (PDB)
structures of casein kinase isoforms (PDB ID: 3UYS, 5FQD, 4HNI,
2CMW, 2C47, and 2CHL) and Human adenosine Agp receptor (PDB ID:
3EML) were acquired from the Protein Data Bank (Trott and Olson,
2010). In order to make a comparative study of riluzole and istradefyl-
line is docked with Casein kinase delta and adenosine Ajs receptor,
respectively. These structures have been thoroughly examined, and the
missing residues were modeled by homology modeling (Pettersen et al.,
2004). The protein structure was optimized for each isoform and
adenosine Ayp receptor by removal of water molecules, addition of hy-
droxyl groups, and Gasteiger charges allocation. The co-crystallized
ligand was used to identify the catalytic or allosteric active site of all
the examined isoforms and adenosine Ay receptor. The spherical grid
box with a 10 A radius was centered on the active site residue to conduct
rigid docking of the ligands.

Riluzole and istradefylline, the ligand utilized in the investigation
was obtained from the PubChem database (PubChem CID: 5070 &
5311037) (Bolton et al., 2011). All Gasteiger charges were allocated,
and the structure was transformed into PDBQT format as necessitated
for the utilization in the AutoDock Vina application (Morris et al., 2009).
The docking simulation was organized according to the prepared protein
and ligand files (Casein kinase isoforms with riluzole and istradefylline;
adenosine Ay receptor with riluzole and istradefylline). The exhaus-
tiveness parameter was set to 8 to ensure a thorough search of possible
binding conformations, and thus, the AutoDock Vina generated multiple
binding modes for each isoform-ligand complex (Trott and Olson, 2010).
Subsequently, we have analyzed the various types of binding to ascer-
tain the binding affinity of ligands with all casein kinase isoforms. Mo-
lecular docking investigations found that conformation exhibiting the
lowest binding energy was deemed the most advantageous.
Post-docking analysis, similar to the initial docking phase, was con-
ducted using AutoDockTools and PyMOL to match the binding confor-
mation of ligands with the active site residues of the particular isoform
via hydrogen bonding and hydrophobic interactions. To understand the
ligands binding and orientation to the protein, the binding pose and
orientation of the chemical were examined in greater depth.

2.3. Molecular dynamics simulations

Molecular dynamics (MD) simulation of Casein kinase 1 delta
(CSNK1D) with istradefylline and riluzole and adenosine Ay receptor
with istradefylline and riluzole were conducted using GROMACS to
examine the structural characteristics of the protein-ligand complex and
its dynamic properties (Van Der Spoel et al., 2005). The protein-ligand
complex structures were acquired from the docking results. Molecular
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dynamics simulations were conducted, and the structures were
energy-minimized. The ligand was constructed and optimized, and the
protein-ligand complex was parameterized using the AMBER force field
(Hornak et al., 2006).

The protein-ligand complex was situated in a cubic box filled with
TIP3P (transferable intermolecular potential with 3 points) water mol-
ecules, employing periodic boundary conditions to simulate the aqueous
environment (Price and Brooks, 2004) Sodium and chloride ions were
included to equilibrate the charge and attain a physiological ionic
strength of 0.15 M for the system. Energy minimization was conducted
to remove steric hindrances and unfavorable interactions inside the
system, hence yielding an optimal initial shape. The equilibration pro-
cess was thorough, conducted in two phases: initially under NVT con-
ditions for 100 ps to stabilize temperature, followed by NPT conditions
for an additional 100 ps to stabilize pressure. During these processes, the
protein backbone was configured to minimize conformational search,
while the solvent and ions were let to optimize their positions around the
complex, ensuring the most reliable results.

2.4. Cell culture and drug preparation

Glioblastoma cells LN229, SNB19 and Mouse embryonic fibroblast
cells (MEF) were cultured and maintained in DMEM medium supple-
mented with 10 % FBS, 0.1 mg/mL Streptomycin, 100 U/mL Penicillin.
The cells were cultured as monolayer under appropriate culture condi-
tions in a humidified incubator at 37 °C supplemented with 5 % CO3 and
95 % humidity. The cells were replenished once in 3 day at a concen-
tration of ~80 % confluency. Riluzole and istradefylline, FDA approved
drugs, were dissolved in DMSO to obtain a stock solution of 100 mM and
intermediate dilutions were prepared according to the methodology.

2.5. Inhibitory kinetic assay

GBM cells were seeded in DMEM medium in 12 well plates at a
concentration of 3 x 10° cells/well. Dose-dependent kinetics analysis
was performed using varying concentration of riluzole and istradefylline
(10 pM, 25 pM, 50 pM, 100 pM and 150 pM) after 48 h of incubation
under suitable cell culture condition. To evaluate the drug’s effective-
ness in preventing cell division, it must be incubated for at least the
period of one complete cell cycle. Since the doubling time for LN229 is
24 h(Weller et al., 1998) and SNB19 is 24 h(Gross et al., 1988), we have
chosen 48 h treatment as optimal for all the in-vitro studies performed.
The cell viability was calculated as described previously using trypan
blue staining method. Dose-response curves were calculated by
non-linear regression analysis and half maximal inhibitory concentra-
tion (ICsg) specific for each cell line and compounds were calculated
using GraphPad Prism 10.0.

2.6. In-vitro cytotoxicity assay

A total of 7 x 10° LN229 and SNB19 cells were seeded in 6-well cell
culture plates and incubated at 37 °C in a humidified atmosphere with 5
% CO2. At 60-70 % confluence, the GBM cells were treated with 150 pM
concentration of riluzole and istradefylline and incubated for 48 h at
appropriate cell culture conditions. DMSO (0.1 %) was used as a nega-
tive control. The cells were further treated with fresh cell culture me-
dium to stop the reaction and collected by centrifugation at 3000 rpm
for 5 min. The number of live and dead cells were counted by trypan
blue staining using Countess II FL. Automated Cell Counter (Thermo
Fisher Scientific, Carlsbad, CA, USA). Similar procedure was performed
on MEF cells to investigate the effect of riluzole and istradefylline in
non-cancerous cells at 150 pM concentration. The % of growth inhibi-
tion was calculated using equation (1)
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Inhibition (%) =

Mean of untreated cells (DMSO control) — Mean of treated cells

Mean of untreated cells (DMSO control)

2.7. Cell cycle assay

For cell cycle analysis using Fluorescence-activated cell sorting
(FACS), LN229 and SNB19 cells were plated in 12-well pate at 3 x 10°
cells/well in DMEM medium supplemented with 10 % FBS. At 60-80 %
confluency, the cells were treated with 100 uM of riluzole and istrade-
fylline, and the concentration was chosen based on the 50 % cell death
obtained in the initial kinetics studies. DMSO (0.1 %) was also used as a
negative control. After 48 h of treatment, the cells were collected by
trypsinization, resuspended in 0.5 mL ice cold PBS and fixed by adding
70 % ice cold ethanol for 30 min at 4 °C. The cells were subjected to
FACS analysis after suspending the cells in 200 pL PBS containing 20 pg/
mL propidium iodide (PI), 0.2 mg/mL RNase and 0.1 % Triton X-100 and
incubated for 30 min at 37 °C. The cells were washed again with PBS and
subjected to FACS analysis. The cells at different phases of growth were
measured using flow cytometer (CUBE 8, SYSMEX, Kobe, Japan) and the
generated data were analyzed by FlowJo 10.8.1 software.

2.8. Apoptosis assay by flow cytometry

The apoptosis assay was performed using Dead cell apoptosis kit with
Annexin V-Alexa Fluor™ 488 and PI (Ref. V13245, ThermoFisher Sci-
entific, Waltham, MA, USA) following the manufacturer’s protocol.
LN229 and SNB19 cells were seeded at a density of 3 x 10° cells/well
and treated with 100 pM of riluzole and istradefylline for 48 h at 60-80
% confluence. After treatment, the cells were collected, trypsinized,
centrifuged, and the cell pellets were washed and resuspended using ice
cold PBS. Finally, 100 pL of cell suspension were fixed with 5 pL of FITC
conjugated Annexin V, 1 pL of 100 pg/mL PI, and incubated for 15 min
at room temperature (Karjalainen et al., 2017). Following the incubation
period, the fluorescence was measured using flow cytometry (CUBE 8,
SYSMEX, Kobe, Japan), at 488 nm excitation/532 nm and 575 nm
emission detection. All the data obtained were analyzed with FlowJo
10.8.1.

2.9. Effect of riluzole and istradefylline on spheroids grown in 3D
environment

Astrocytoma cell line, 1321N1 cell line was seeded at a density of
750 cells/well and incubated for 6 days at 37 °C with 5 % CO, in cell
repellent U bottom 96 well CELLSTAR® plates (Reference No.650970
Lot.E231035S)(Marucci et al., 2011). Quality of the cells were primarily
selected based on agarose-based protocol for other solid tumors
(Friedrich et al., 2009). Spheroids with suitable diameter above 500 pm
after 6 days of culture were selected for the analysis, thus mimicking
tumor environment. Spheroids with lowest inter-well variability were
selected for drug treatment. For the comparative experiment, 10,000
cells per well was seeded in traditional TC-threated flat bottom trans-
parent 96-well plate. Both 2D and 3D 1321N1 cell cultures were treated
with variable concentrations of riluzole and istradefylline (25, 50, 100,
150, 200 and 300 pM) for 24 h. The 96 well plate with spheroids was
divided into two parts, where one set was used to study the 3D spheroids
with The CellTiter 96® AQueous One Solution Cell Proliferation Assay
alongside with the 2D culture, while the other part was used for the
size-treatment proliferation study. The effects of riluzole on spheroid
cell viability was assessed at concentrations of 25, 50, 100, 150, 200,
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x100 (€3]

and 300 pM, revealing no effect from 25 to 150 pM, while 300 pM
exhibited greater cytotoxicity compared to 200 pM. Hence, an effective
dose of 300 pM was used for the 3D spheroid size treatment study over
18 days. The long-term ability of the drugs to inhibit the proliferation of
solid tumors was confirmed by monitoring the spheroid proliferation
until ten days after the treatment. Spheroid size and volume were
analyzed using SpheroidSizer — a MATLAB-based and open-source
software (Chen et al., 2014).

2.10. Statistical analysis

All the experiments were performed in replicates (n > 5). Data were
statistically analyzed using ANOVA with Dunnett’s test. Data are
expressed as mean + SE, and p < 0.05 and p < 0.001 was interpreted as
statistically significant and represented as * and ** respectively.

Table 2

Binding interactions of two ligands, istradefylline and riluzole, casein kinase
isoforms (PDB ID: 3UYS, 5FQD, 4HNI, 2CMW, 2C47, and 2CHL) and Human Aga
Adenosine Receptor (PDB ID: 3EML). The table includes the isoform names,
corresponding PDB IDs, key amino acid interactions with ligands, and binding
energies (kcal/mol), highlighting the ligand affinities for specific targets.

Isoforms PDB Ligand Key Residues Binding
D Energy
(Kcal/mol)

Human Ay 3EML
Adenosine
Receptor

Istradefylline CYS245, SER277, —9.88
ASP52, PRO285,

SER281, ASN280,

ASN24, VAL282,

VAL283, ILE238,

PHE242, ASN284,

LEU95, LEU241,

LEU48, SER91,

ALAS51, LEU87,

THR88, VAL55,

VALS84, ILE60, ALAS9,

HIS278, TRP246

PHE168, TYR271, —6.37
SER67, ILE66, ILE274,

TYR9, ALA63,

TRP246, LEUSS,

LEU249, HIS278,

SER277, VAL84

ILE148, LEU135, -6.13
ASP132, ASP91,

LEU84, LEUSS,

LEU138, LEUS5,

GLY86, PRO87, LYS14

THR184, GLY175, —9.02
THR174, GLN190,

ASP195, HIS126,

ILE125, SER191,

ARG127, ASP194,

ASP128, THR176,

TYR179, LYS130,

VAL129, TYR179,

ALA180

Riluzole —7.85
Riluzole -7.74
Riluzole —7.56
Riluzole —7.25
Riluzole —6.97

Human Ajps 3EML Riluzole
Adenosine

Receptor

CSNK1D 3UYS Istradefylline

CSNK1D 3UYS Riluzole

CSNK1A1 SFQD
CSNK1E 4HNI
CSNK1G1 2CMW
CSNK1G2 2C47
CSNK1G3 2CHL
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3. Results
3.1. Molecular docking

Molecular docking was performed for the two ligands istradefylline
and riluzole to investigate the binding properties favoring thermody-
namics of biological systems. Table 2 delineates the binding interactions
of the two ligands, istradefylline and riluzole, with different protein
isoforms representing their corresponding PDB IDs, key amino acid
residues involved in interactions, and binding energies (Kcal/mol). The
binding energies varies from —6.13 to —9.88 kcal/mol. Particularly,
istradefylline showed highest binding affinity (—9.88 kcal/mol) for the
Human adenosine Ajp receptor (PDB ID: 3EML), surpassing riluzole,
which binds at a lower energy of —6.37 kcal/mol to the same receptor.
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In contrast, riluzole exhibits a strong interaction with the CSNK1D iso-
form (PDB ID: 3UYS), demonstrating a highest binding energy of —9.02
kcal/mol, though istradefylline has a least binding energy of —6.13
kcal/mol. Riluzole also presented a moderate binding affinities for the
other isoforms of CSNK1 family, with the highest affinity for CSNK1A1
(PDB ID: 5FQD; —7.85 kcal/mol), followed by CSNK1E (PDB ID: 4HNI;
—7.74 kcal/mol) and CSNK1G (PDB IDs: 2CMW, 2C47, and 2CH;
exhibiting —7.56, —7.25, and —6.97 kcal/mol, respectively).

Fig. 1A represents the bound form of the adenosine Ay receptor with
its ligands, istradefylline and riluzole, featuring both 3D and 2D repre-
sentations of the binding modes. Specifically, in the adenosine Ay re-
ceptor -istradefylline complex (top), the binding score (—) 9.88 kcal/
mol computed from inter -residue interactions including Asp 52, Asn
280, and Ser 277 leading to intermolecular contacts through hydrogen

ASN
S A24
A:245 PRO
A:285 VAL
» A:282
@ ASP
a A:52 VAL
TRP - . :
A:246 “-_-----‘-,-’--......> 4283
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A278 O M 3 >—q
. o % PHE ;
o : | ' 242 ASN A:238
A:59 . WH . R G288
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- AT55 ALA A:95
A:84 A:51 LEU
LEU A241
THR LEU A:48
ILE A:88 87
A:60
PHE
A:271
VAL ki
A:84
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A 277 ' A:67
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/ ILE ILE
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: TRP \
A:278 A:246 w
LEU '
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Fig. 1. Molecular interactions of the A, adenosine receptor with ligands, istradefylline and riluzole. (A) The top panel depicts the binding of istradefylline,
highlighting key interactions with residues such as Asp52, Asn280, and Ser277. (B) The bottom panel represents riluzole’s binding, with interactions involving
residues including Tyr271, Ser277, and Ile274. 3D structures show the ligand positions within the receptor pocket, while 2D diagrams detail the interaction networks,

including hydrogen bonds, hydrophobic contacts, and n-n stacking.
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Fig. 2. Molecular interactions of Casein Kinase Delta (CSNK1D) with ligands, istradefylline and riluzole. (A) The top left figure displays 3D interaction, and the right
figure shows 2D binding of istradefylline with key residues like Gly86, Asp91, and Leul35. (B) The bottom left picture shows 3D interaction and the right shows 2D
binding of riluzole highlighting interactions with residues like Asp128, Tyr179, and Ser198. The 3D structures depict ligand positioning within the active site, while
the 2D diagrams details the interaction networks, including hydrogen bonds and hydrophobic contacts.

bonding, hydrophobic interactions, and - stacking, which contributes
to perfect fitting inside the active site of the receptor. Likewise, the
comparative docking between adenosine Agp receptor -riluzole complex
(bottom) revealed that riluzole interacts with Tyr9 which further dis-
played hydrogen bonding between Glu 271-Ser277 and Ala 63-Ile 274,
exhibiting lower binding energy —6.37 kcal/mol inferior to istradefyl-
line, which was also represented in the subdued interaction profile in the
2D representation. 3D model illustrates the position of riluzole within
the receptor pocket, however additional interactions appear at the re-
ceptor pocket as reported with istradefylline (Fig. 1B).

Further, molecular interaction was also analyzed between Casein
Kinase Delta (CSNK1D) with istradefylline and riluzole. Fig. 2A illus-
trates the 3D and 2D interactions between CSNK1D and istradefylline,
revealing two notable interactions: a hydrogen bond with Gly86 and
Asp91, and a hydrophobic bond with Leul35 and Ile148, resulting in an

energy score of —6.13 kcal/mol. Fig. 2B illustrates the three-
dimensional and two-dimensional interaction between CSNK1D and
riluzole, highlighting relative binding through hydrogen bonds with
residues Asp128, Tyrl79, and Ser198, and hydrophobic interactions
with Gly175 and Thr176. Thus, CSNK1D-riluzole exhibits greater level
of interaction, likely attributable to its denser projection than the
istradefylline, with a good binding score of —9.02 kcal/mol.

3.2. Molecular dynamics

In the current study, the Molecular Dynamics Simulations (MDS),
was performed for 100 ns to identify the binding interactions, dynamics
and flexibility of riluzole and istradefylline when binding to the casein
kinase Delta and Ayy human adenosine receptor (hadenosine Ajp re-
ceptor), respectively. The root mean square deviation (RMSD) was
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Fig. 3. The root-mean-square deviation (RMSD) of the protein backbone for two protein-ligand complexes during 100 ns (ns) of molecular dynamics simulations. (A)
The RMSD profiles for the adenosine A2A receptor bound with istradefylline (black) and riluzole (red), (B) The RMSD profiles for Casein Kinase Delta bound with
istradefylline (black) and riluzole (red). RMSD, measured in Angstréms (A), indicates the stability of the protein-ligand complexes over the time. The structures of
istradefylline and riluzole are shown alongside the corresponding RMSD plots for reference.

assessed from the trajectory data collected over the 100-ns period, in
order to investigate the biomolecular system’s structure stability, as it
analyses the positioning of protein backbone atoms relative to the
original reference. Panel A of Fig. 3A displays the RMSD curve for the
adenosine Apa receptor complexed with istradefylline (black) and
riluzole (red). Upon comparing the dynamic features of the two ligands,
distinct behaviors emerge with istradefylline, which exhibits very low
variance in RMSD when compared to riluzole, suggesting a robust
engagement with the receptor. This tendency is notably more pro-
nounced for riluzole, suggesting that the protein may exhibit greater
conformational freedom or reduced binding stability for this drug.
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Panel B from Fig. 3 illustrates the RMSD patterns for Casein Kinase
Delta in conjunction with the identical ligands. As already shown in
Fig. 3A, istradefylline (black) has superior binding stability with
reduced RMSD values, while riluzole (red) shows heightened vari-
ability, particularly after 40 ns with Casein Kinase Delta. This suggests
that istradefylline aligns more effectively with the active site pocket of
Casein Kinase Delta compared to riluzole. Thus, the more robust or
frequent contacts between istradefylline and Casein Kinase Delta indi-
cate that the resulting complex is comparatively stable. The structures of
both ligands are depicted alongside the plots to illustrate their distinct
molecular configurations. Due to its xanthine-based structure,
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Fig. 4. Growth inhibitory effect of riluzole and istradefylline. (A) Dose Responsive curve of riluzole and istradefylline in LN229 and SNB19 cells at varying con-
centrations including 10, 25, 50, 100, and 150 pM at 48 h of treatment. (B) % of growth inhibition by riluzole and istradefylline in LN229, SNB19 and MEF cells at
150 uM concentration. All data were represented as mean + standard deviation (n = 6). * represent statistically significant differences between the riluzole Vs

control, istradefylline Vs control. *p < 0.05; **p < 0.001; and ns p > 0.05.
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istradefylline may engage in specific hydrophilic interactions, such as
hydrogen bonding or stacking interactions, hence providing stability.
Riluzole contains a benzothiazole moiety and two trifluoromethyl
groups, which may provide flexibility, either sterically or electronically.
The aggregate data illustrates the distinct binding properties of these
ligands with two different protein partners, with istradefylline demon-
strating consistent interactions with both the receptors. This research
aids in understanding ligand selectivity and is especially pertinent for
the systematic development of drugs targeting these proteins. Further-
more, we have performed the biological evaluation to investigate the
GBM cell growth inhibition through various in-vitro experiments.

3.3. In-vitro antiproliferative activity of riluzole and istradefylline

The riluzole and istradefylline were screened for their anti-
proliferative activities against GBM cell lines, LN229 and SNB19. Dose
response of these two FDA approved drugs was established to determine
the correlation between cell growth inhibition and drug concentration.
The initial cytotoxicity assay was performed with 10 uM of istradefylline
and riluzole, which showed the cell death ranging between 10 and 30 %
for both cell lines. Hence, we further screened the cytotoxicity effect
with higher concentrations of 10 pM, 25 pM, 50 pM, 100 pM and 150 pM
for both drugs at 48 h. Results depicted in Fig. 4A indicated that riluzole
reduced both LN229 (64 %) and SNB19 (75 %) cell proliferation
significantly (p < 0.001) in a dose dependent manner more effectively
than istradefylline, which was about 40 % even at 150 pM concentration
in both the cell lines. The percentage of growth inhibition by riluzole
increased gradually as the concentration increases. Riluzole had an ICsg
concentration of 121.47 pM and 34.89 pM, while istradefylline had a
higher ICso concentration of 374.56 pM and 399.72 pM for LN229 and
SNB19, respectively. Hence, the anti-proliferative activity of istrade-
fylline is regarded minimal due to its higher ICsg value of >100 pmol/L,
which is above the therapeutically accessible concentration. It was
observed that riluzole inhibits 24 % higher LN229 cell growth with 36 %
in SNB19 cells than istradefylline. While the higher concentration of
150 pM exhibited only ~70 % cell death in both cell lines, we also tested
whether the same concentration would be toxic to non-cancerous cells,
MEF and the data revealed least cytotoxicity effect of about 2.2 % and
6.4 % of cell death for riluzole and istradefylline, respectively. The effect
of these drugs in non-cancerous MEF cells reflected the least toxicity
revealing their potential anti-cancerous activity (Fig. 4B).

3.4. Evaluation of cell cycle arrest and apoptotic mechanisms of the drugs

The effect of riluzole and istradefylline on cell cycle progression of
GBM cells was assessed by flow cytometry. LN229 and SNB19 cells were
treated with 100 pM of the drugs with 0.1 % of DMSO as a negative
control for 48 h stained with Annexin V-Alexa Fluor™ 488 and Propi-
dium Iodide (PI) and analyzed using the histogram (Fig. 5A) obtained by
flow cytometry. Fig. 5B showed the presence of ~10 % of cells at S phase
in riluzole than DMSO treated LN229 and SNB19 cell line. Istradefylline
treated SNB19 cells demonstrated a high level of G1 phase with 6 % of
cells than DMSO, however no significant arrest in LN229 cells.

To further analyze the GBM cells for their apoptosis or necrosis
properties, riluzole and istradefylline treated GBM cells were stained
with Annexin V/PI double staining. Annexin V represents the cells
entering apoptotic phase by binding with the phosphatidylserine in cell
membrane, whereas PI represents necrotic cells by staining the DNA
once the cells disintegrate. The cells were subsequently sorted by flow
cytometry, which revealed that riluzole treatment caused 23.3 % and
60.1 % (p< 0.001) of LN229 and SNBI19 cells to enter the early
apoptotic phase, whereas 9.1 % and 16.2 % of cells entered the necrotic
phase, respectively. Istradefylline treatment triggered early apoptosis in
9.34 % and 17.4 % of LN229 and SNB19 cells, respectively, with less
than 10 % of necrotic cells in both cell lines (Fig. 5C). Thus, riluzole
induced early apoptosis of GBM cells better than istradefylline, thus
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inducing programmed cell death in GBM cells.

3.5. Antiproliferative effect of FDA-drugs in 2D monolayer and 3D
spheroid model

The effect of riluzole and istradefylline on 3D spheroid model was
investigated to mimic the ability of the anti-proliferative effect of the
FDA drugs in the tumor environment in-vivo. Hence, a spheroid assay
was performed to evaluate the impact of both drugs on the spheroid size,
volume, and shape of GBM spheroids, all of which are considered critical
factors for cancer cell survival. We developed 3D spheroids using
1321N1 cells in an appropriate cell culture environment (Marucci et al.,
2011), and the 3D spheroids with an average diameter of 678 pm and
eccentricity of 0.37 were developed and used for further investigation.
Before the drug treatment, the spheroids were assessed for their uni-
formity and those cells with lower variability were selected for further
analysis.

The spheroids were treated with 300 pM riluzole, and 0.05 % SDS
(positive control) for 18 days (Fig. 6A). The phase-contrast microscopic
image showed a significant reduction in the volume upon treatment with
300 pM riluzole from day 9. Likewise, 2D cell viability assay was also
performed which showed significant decrease in the % of viability of
1321N1 cells treated with varied concentrations of riluzole and istra-
defylline (25, 50, 100, 150, 200 and 300 pM). A similar pattern in
viability (%) was seen for both FDA drugs up to 300 pM concentration,
with riluzole significantly decreasing to 40 % at 300 pM (Fig. 6B).
Correspondingly, in 3D environment, the % of viability was reduced to
40 % in riluzole with just 12 % with istradefylline treatment (Fig. 6C).
Thus, when compared to 2D viability test, it was considered unique and
promising, since the potency of common drugs like cisplatin is usually
decreased against spheroids compared to that against monolayers of the
same cell line (Melissaridou et al., 2019). This reflects that CK1 isoform &
inhibitors and riluzole specifically and potentially able to surpass the
factors of the natural tumor microenvironment such as protective
extracellular matrix, cell differentiation, and reach the inner layers of
cells in the structure of solid tumors.

Nonetheless, istradefylline was not used for the further comparative
spheroid analysis, due to its least potential bioavailability during the
spheroid treatment when compared with riluzole. Istradefylline
precipitated into a feather-like spiky structure even at the least con-
centration of 25 pM, which makes it difficult to analyze the long-term
post-treatment morphological studies. Hence, riluzole alone was
selected for further spheroid treatment, and the release of the drug in the
culture environment was enhanced by adding 0.05 % of SDS. After 6
days of monolayer culture, the 3D spheroids were treated with riluzole
and the long-term ability to inhibit the proliferation of solid tumors was
confirmed by monitoring spheroid proliferation for 10 days after treat-
ment, when compared to non-treated samples. Results showed that
riluzole was able to significantly reduce the growth rate of spheroids
over the days and completely stopped the proliferation at 300 pM con-
centration at 15 days. The spheroid volume (mm®) was significantly
reduced to 0.13 mm3 which is equal to the SDS treatment (Fig. 6D).
Thus, the overall analysis revealed the possibility of using riluzole as an
anti-GBM drug, which could be further investigated for its therapeutic
usage.

4. Discussion

Glioblastoma is the most difficult tumor to treat, with a mean sur-
vival rate of only 1.2 yrs. No effective treatments after debulking the
tumor are available except the use of temozolomide (TMZ) as a
chemotherapeutic agent along with radiation therapy. Hence, new
therapies and drug combinations essentially need to be developed that
can possibly meet the needs of the patient population. However, the use
of TMZ makes GBM patients non-responsive due to the high expression
of O6-methylguanine methyltransferase (MGMT) (Kitange et al., 2009)
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Fig. 5. Effect of riluzole and istradefylline on GBM cell cycle and apoptosis. (A) Histogram representing the cells in different phases of cell cycle upon treatment
with DMSO (control), istradefylline and Riluzole in both the GBM cell lines; (B) Percentage of cells in different phases of cell cycle after treatment with 100 pM of
riluzole, istradefylline, DMSO served as a negative control. (C) Percentage of cells in representing cells in live cells, early, late apoptosis and necrosis after 48 h of
treatment with istradefylline and riluzole. All data were represented as mean + standard deviation (n = 5). * represent statistically significant differences between
the riluzole Vs control, istradefylline Vs control. *p < 0.05; **p < 0.001; and ns p > 0.05.
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Fig. 6. Effect of riluzole in GBM spheroid growth: (A) Phase contrast microscopic images of long-term spheroid growth with riluzole (300 pM), SDS (0.05 %) as
positive control for 18 days of treatment; (B) Effect of riluzole and istradefylline on the on 1321N1 cell viability (%) at 25, 50, 100, 150, 200 and 300 pM con-
centration; (C) Effect of riluzole and istradefylline on the spheroid cell viability (%) at 25, 50, 100, 150, 200 and 300 pM concentration; (D) Measurement of spheroid
volume (mm?) after treatment with 300 pM of riluzole for 18 days. Mean values and standard deviations of viability and size are based on two interday experiments
performed in duplicates for each point. Data on volumes was derived from microphotographs using active contour algorithm (SpheroidSizer, MATLAB).

and significant increase of GBM stem cells leading to resistance to the
TMZ (William et al., 2018). As an economical pipeline, repurposing FDA
approved drugs could be one possible approach to eliminate the GBM
tumor expansion. There are many drugs at various stages of investiga-
tion, i.e drugs at clinical trial phase and drugs in pre-clinical testing.
Bevacizumab, an FDA approved drug in 2009, with anti-angiogenic
properties blocks the vascular endothelial growth factor A (VEGF-A),
have shown only moderate clinical benefit against GBM treatment
(Vredenburgh et al., 2007; Friedman et al., 2009). Also, another thera-
peutic approach for recurrent GBM is the tumor-treating fields (TTF)
which have received FDA approval delivers low intensity and alter-
nating electric fields to the tumor and inhibits glioma cell proliferation,
but only least improvement in the survival of diagnosed GBM patients
have been observed (Stupp et al., 2015, 2017). GBM heterogeneity and
blood brain barrier are the major key factors for the failure of conven-
tional and targeted therapies. In a similar approach our present work
was focused on repurposing FDA approved drugs, riluzole and istrade-
fylline, and the comparative study was performed to identify the
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potential of the drugs as an inhibitor in GBM signaling pathway.

It was unveiled that riluzole can inhibit glutamatergic communica-
tion in the brain, but with least evidence to support the interaction be-
tween the drug and ionotropic/metabotropic glutamate receptors or
transporters. Protein kinase C (PKC) enzymes play a complex role in
growth, survival and invasiveness of GBM. PKC is involved in initiating
EGFR ligand release, a significant signaling pathway leading to GBM
prognosis. Hence inhibiting classical PKC enzymes may lead to the
reduction in GBM proliferation and tumor prognosis by inhibiting EGFR
pathway(Geribaldi-Doldan et al., 2021). Targeting protein kinase CK18
with riluzole, a brain permeant molecule modulates TDP-43 hyper-
phosphorylation and prevents physiological localization in cytoplasm,
thereby inhibiting glutamatergic signaling due to excitatory amino acid
transporter-2 (Rosenblum and Trotti, 2017). Riluzole also modulates the
immune system in several cancers including human nasopharyngeal
carcinoma (Sun et al., 2020), colorectal cancer (Liang et al., 2025) and
glioblastoma (Sperling et al., 2017). These findings support the notion
that riluzole, as an inhibitor of CK18, could serve as a valuable
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pharmacological probe in GBM treatment. Similarly, istradefylline
function as a strong, and active antagonist of adenosine adenosine Aga
receptor, and was approved to be used as adjuvant therapy in adults
with Parkinson’s disease. The inhibition of adenosine Aga receptor ex-
hibits neuroprotective benefits by mitigating neuroinflammatory pro-
cesses and diminishing astroglial and microglial activation, thus
suggesting its potential for GBM treatment (Lambertucci et al., 2022).

Previously, computational analysis by Bissaro et al. have reported on
the stable binding of riluzole with the CK16 catalytic site of the kinase
inhibitors, at Leu85 through the hydrogen bonding. Similarly, in the
present analysis, the docking analysis revealed the strong binding of
riluzole was observed with the binding pocket of CK18 catalytic site with
better binding score of -9.02 kcal/mol than istradefylline. Similarly,
istradefylline exhibited strong binding with adenosine A4 receptor with
the binding score of 9.88 kcal/mol which is better than riluzole, which
was also reported by (Wang et al., 2021), which proves the on the bio-
logical activity of istradefylline derivatives based on adenine as adeno-
sine A receptor antagonists.

It was identified earlier that riluzole can exerts antiproliferative ac-
tivity against melanoma, breast cancer and prostate cancer (Akamatsu
et al., 2009; Yip et al., 2009; Speyer et al., 2012) with more sensitivity
for rat glioma (C6)(Lemieszek et al., 2018). Our studies also revealed
that riluzole functions better in reducing the GBM cell growth to 64 % in
LN229 cells and ~75 % of SNB19 than the istradefylline with less than
40 % reduction in GBM cell growth. The ICs concentration for both the
drugs ranges between 34.89 and 399.72 pM, is cell line and compound
specific. There are recent studies in which riluzole showed cytotoxicity
even at 20 pM concentration against GBM cells, T98G and GL261 and
temozolomide are effective at 100 pM concentration (Yamada et al.,
2020). Evaluation of drug concentration through in-vitro and in-vivo
experiments often reveals ICsg concentration that exceeds the maxi-
mally tolerated doses administered to cancer patients (Smith and
Houghton, 2013). While the ICs¢ concentration of TMZ was lower in
in-vitro studies, the clinically exposed dosage to GBM patients’ was
determined to be 300-400mg/day. These data reveal the poor response
of GBM cells even to the currently used FDA approved chemotherapeutic
drugs, which may be due to inter and intratumor heterogeneity. Of note,
the clinically effective dosage of istradefylline was 20-40 mg/day
(Mizuno and Kondo, 2013) whereas riluzole was 100 mg/day (Spencer
et al.,, 2023), indicating their better clinical efficacy than the TMZ.
Riluzole and istradefylline being a well-known FDA approved drugs, the
present study highlights the comparative analysis on the potential in-
hibition of GBM cells through the interaction of their target proteins.
Also, the present study gives a glimpse of developing variants of riluzole
than istradefylline which will have least ICs( concentration against the
GBM cell lines.

Another important characteristic feature of cancer cells is the un-
controlled cell cycle regulation. We have investigated the role of these
drugs in cell cycle regulation that controls and maintain the homeostasis
of cell proliferation. Our results revealed that riluzole arrested the cell
cycle better than istradefylline, at S phase in the GBM cells and progress
the cells mostly to early apoptosis and least level of cells to necrosis. In
several studies, it was indicated that riluzole causes G2/M cell cycle
arrest in cancer cells. It induced G2/M phase arrest in pancreatic cancer
line by decreasing the regulatory protein cyclin-dependent kinase 1
(Beltran-Parrazal and Charles, 2003). It was also found that the effect of
riluzole with other therapeutic agents on glioma cell lines have shown
synergistic effect on proliferation inhibition, cell cycle arrest and
apoptosis induction, through reduced P13K/Akt and MAPK/ERK
signaling pathway (Sperling et al., 2017). Therapeutic potential of
riluzole was demonstrated to have synergistic anti-GBM effects in
conjunction with mTOR inhibitors by inhibiting the activity of cyclin D1
and the c-myc internal ribosome entry site (IRES) leading to reduced
translation (Benavides-Serrato et al., 2020b). Based on our findings,
riluzole can also be combined with istradefylline and/or the existing
chemotherapeutic drug, temozolomide, to enhance the anti-GBM effect.
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Overall, from our investigation, it was revealed that riluzole is
effective than istradefylline, by inhibiting the CK18 isoform, inducing
GBM cell death and reduces 3D spheroid volume and downregulates the
GBM cell death signaling pathway. Further detailed molecular investi-
gation could be performed to unravel the anti-GBM therapeutic poten-
tial of riluzole.

5. Conclusion

Based on the comparative screening of the two FDA approved drugs,
it was identified that riluzole functions better than istradefylline in
reducing the GBM cell growth, inducing apoptosis mediated cell death
and reduces the cell growth % in 2D cell culture and 3D spheroid
models. Our data concludes that blocking of adenosine Ajs receptor
downstream signaling protein, CK1 isoform & with riluzole have greater
influence than its upstream signaling blocker, istradefylline. Thus,
blockade of adenosine Agp receptor/CK18 pathway could be considered
for developing targeted therapy against GBM. Our research suggests that
riluzole can be synergized with istradefylline and/or temozolomide to
augment its therapeutic potential as an adjuvant therapy which may be
advanced to clinical phase trial. The impact of riluzole may be investi-
gated on other sub-types of GBM for developing personalized medicine.
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