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Abstract: Drug resistance and tumor heterogeneity limits the therapeutic efficacy in treating glioblastoma,
an aggressive infiltrative type of brain tumor. GBM cells develops resistance against chemotherapeutic
agent, temozolomide (TMZ), which leads to the failure in treatment strategies. This enduring challenge of
GBM drug resistance could be rational by combinatorial targeted therapy. Here, we evaluated the combinatorial effect of phenolic compound (2-(3,4-dihydroquinolin-1(2H)-yl)(p-tolyl)methyl)phenol (THTMP),
GPR17 agonist 2-({5-[3-(Morpholine-4-sulfonyl)phenyl]-4-[4-(trifluoromethoxy)phenyl]-4H-1,2,4-triazol3-yl}sulfanyl)-N-[4-(propan-2-yl)phenyl]acetamide (T0510.3657 or T0) with the frontline drug, TMZ, on
the inhibition of GBM cells. Mesenchymal cell lines derived from patients’ tumors, MMK1 and JK2 were
treated with the combination of THTMP + T0, THTMP + TMZ and T0 + TMZ. Cellular migration, invasion
and clonogenicity assays were performed to check the migratory behavior and the ability to form colony
of GBM cells. Mitochondrial membrane permeability (MMP) assay and intracellular calcium, [Ca2+ ]i,
assay was done to comprehend the mechanism of apoptosis. Role of apoptosis-related signaling molecules
was analyzed in the induction of programmed cell death. In vivo validation in the xenograft models
further validates the preclinical efficacy of the combinatorial drug. GBM cells exert better synergistic
effect when exposed to the cytotoxic concentration of THTMP + T0, than other combinations. It also
inhibited tumor cell proliferation, migration, invasion, colony-forming ability and cell cycle progression
in S phase, better than the other combinations. Moreover, the combination of THTMP + T0 profoundly
increased the [Ca2+ ]i, reactive oxygen species in a time-dependent manner, thus affecting MMP and
leading to apoptosis. The activation of intrinsic apoptotic pathway was regulated by the expression
of Bcl-2, cleaved caspases-3, cytochrome c, HSP27, cIAP-1, cIAP-2, p53, and XIAP. The combinatorial
drug showed promising anti-tumor efficacy in GBM xenograft model by reducing the tumor volume,
suggesting it as an alternative drug to TMZ. Our findings indicate the coordinated administration of
THTMP + T0 as an efficient therapy for inhibiting GBM cell proliferation.
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1. Introduction
Glioblastoma multiforme (GBM), a grade IV astrocytoma, is the most common malignant adult brain cancer [1]. Although combination therapy post-surgery has become
the cornerstone for the anti-glioma treatment, patients have a dismal median survival of
less than 15 months [2,3]. Treatment challenges exist for GBM, primarily due to the tumor
heterogeneity, resistance to drug, blood–brain barrier, glioma stem cells, drug efflux pumps
and DNA damage repair mechanisms [4].
Despite using TMZ as a first line drug in GMB therapy, its therapeutic effects are
far reduced due to the enhanced activity of O6 -methylguanine-DNA methyltransferase
(MGMT). This DNA repair enzyme counteracts the TMZ induced DNA alkylation leading
to the chemo-resistance against GBM treatment [5]. Although the classification of GBM into
four distinct molecular subgroups such as proneural, neural, classical and mesenchymal
subtypes [6] address the heterogeneity in GBM, intra-tumoral heterogeneity is the key
determinant in therapy resistance leading to treatment failure [7]. These challenges lead us
to understand how a conceivable therapeutic treatment could be best developed against
GBM treatment.
Phenolic compounds are proven to be involved in various biological functions such
as antioxidant, anti-inflammatory, chemo-preventive, and anticancer activity [8–10]. Several phenolic compounds such as vincristine [11], paclitaxel [12], omacetaxine [13] are
successfully used as a chemotherapeutic agent against many forms of cancer. Earlier
studies reported the role of phenolic compounds as an apoptotic inducer of GBM cells,
with THTMP as the top potential compound exhibiting anticancer property [14]. Recently,
we also identified that interaction of GPR17 with its ligand T0510-3657 (T0) could potentially regulate the GBM signaling communication and proliferation [15]. T0, a potential
activator of GPR17 was found to exhibit better binding efficiency with stronger inhibitory
activity than the known GPR17 agonist, MDL29951 [16]. RNA seq data of several GBM
patient’s sample revealed the role of GPR17 in about 30 different crucial pathway interactions in the GBM signaling networks [15]. In addition, computational data analysis on the
RNA-seq also have reported on the expression of GPR17 in 511 low-grade glioma (LGG)
and 156 glioblastoma samples. Hence, we consider and evaluate the therapeutic effect of
combination of THTMP and T0 with the TMZ, in GBM cells.
Several pre-clinical experiments have shown that the cytotoxic drugs against most of
the cancers are effective to give synergism when given in combination. It is believed that a
synergistic combination of different therapeutic agents against GBM cells could relapse the
disease progression. Such combination therapies could be more efficient than monotherapy
and chemotherapy against GBM. PTX combined with TMZ or cisplatin [17,18] showed an
increased inhibitory effect against malignant GBM cells in-vitro. Notably, dual targeting
of autophagic regulatory circuitry in gliomas using tricyclic antidepressants (TCAs) and
P2Y12 inhibitors elicits the safe combination in treating glioma [19].
The rationale behind the combination therapy for treating GBM requires the identification of the best possible combination of the drug at effective doses that targets specific
molecular mechanisms. Thus, the present study investigates the combinatorial administrations of a GPR17-ligand, phenolic compound with the chemotherapeutic agent. We
evaluated the mechanistic effect and therapeutic potential of apoptosis induction in the
mesenchymal GBM subtype using a combination of phenolic derivatives with GPR17
agonist and with a known anticancer agent, TMZ. We also identified the effect of combinatorial drug, THTMP + T0, in inducing cell death with higher cytotoxicity against GBM cell
lines than TMZ through the activation of intrinsic apoptotic signaling pathways. We also
assessed the anti-metastatic property of the combinatorial drug that inhibits the migration
and invasion of the GBM cells. In-vivo preclinical validation also proves the potential of the
drug in reducing the tumor volume in xenograft models, thereby suggesting its usability
as a therapeutic agent against GBM treatment.
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2. Materials and Methods
Chemistry: Preparation and spectral characterization of compound, THTMP was
done as previously reported [20]. GPR17 agonist (T0510.3657 or T0) was purchased from
AKos GmbH (Stuttgart, Germany).
Cell culture: Low-passage primary patients GBM cell lines, RN1, PB1, MMK1 and
JK2 were procured from QIMR Berghofer, Medical Research Institute, Australia (gifted
by Brett Stringer) and were approved by the human ethics committee of the Queensland
Institute of Medical Research and Royal Brisbane and Women’s Hospital [21]. The cells
were cultured in the serum-free RHB-A medium (Takara Clontech Cellartis, USA, Inc.)
supplemented with growth factors like EGF and FGFb (Gibco, Grand Island, NY, USA),
0.1 mg/mL Streptomycin, 100 U/mL Penicillin (Sigma-Aldrich, St. Louis, MO, USA) in
1% Matrigel-coated flasks (Corning Life Science, St. Louis, MO, USA USA). The cells were
maintained and cultured in the incubator at 37 ◦ C in humidified air with 5% CO2 [22].
Cytotoxicity assay: RN1, PB1, MMK1 and JK2 cell lines were seeded in Matrigelcoated 12-well plates at a density of 1 × 105 cells per well. Dose dependent analysis of
THTMP and/or T0 and/or TMZ was performed with varying concentrations, such as
10 µM, 25 µM, 50 µM, 75 µM and 100 µM. The cells were incubated for 48 h at 37 ◦ C and
the cell viability was analyzed using trypan blue solution and Countess II FL Automated
Cell Counter (ThermoFisher Scientific, Waltham, MA, USA). The percentage of growth
inhibition was calculated relative to the DMSO-treated control wells. Dose responsive
curve was calculated to identify the IC50 . All the experiments were performed with three
biological repeats and two technical repeats.
Synergy screening assay: Synergy screening assay was performed in MMK1 and
JK2 cells with an initial density of 1 × 105 cells per well. The cells (n = 6) were treated
with combination of three-point dose series of THTMP (10 µM, 30 µM, 50 µM) and/or
T0510.3657 (10 µM, 40 µM, 70 µM) with TMZ (10 µM, 50 µM, 100 µM). Cells were incubated
in nine-point combination doses of either THTMP + TMZ, THTMP + T0 and/or T0 + TMZ
for 48 h and cell viability was determined as described previously. The coefficient of drug
interaction (CDI) was calculated from each combination using COMPUSYN method [23].
Migration and invasion assay: Migration and invasion assay were performed to
assess the chemotactic capability and invasion of cells through the extracellular matrix. The
assay was done in 6-transwell plates (n = 6) with the pore size of 8 µM (Corning Life Science,
St. Louis, MO, USA). MMK1 and JK2 cells with the initial density of 1 × 105 cells per well
were seeded in 500 µL of fresh medium with THTMP (40 µM), T0 (40 µM) and THTMP +
T0 (30 µM + 10 µM) and/or without compounds in the upper compartment. The lower
compartment was filled with 1 mL of medium containing growth factors, such as EGF
(20 ng/mL) and FGFb (10 ng/mL). The plates were then incubated at 37 ◦ C with 5% CO2
for 18 h. For invasion assay, the upper compartment was coated with 100 µL of Matrigel
(0.5 mg/mL) and the cells were seeded after 2 h. After 18 h of incubation, the membrane
was fixed in ethanol and acetic acid (3:1) and further stained with 0.5% crystal violet. The
cells which are not migrated/invaded were removed using a cotton swab. The well area
was divided into 3 sections and multiple random fields of each section were chosen for
counting the cells. The total number of the cells were counted at 40× magnification.
Clonogenic assay: Clonogenic assay was performed as described previously [24].
Briefly, the cells (n = 6) were incubated with THTMP (40 µM), T0 (40 µM) and THTMP + T0
(30 µM + 10 µM) for 48 h, 72 h, and 96 h. The cells were then harvested and plated in 6-well
plate with the density of 5 × 105 cells per well without Matrigel coating and incubated at
37 ◦ C with 5% CO2 for 14 days. Later, the cells were fixed in ice-cold ethanol and acetic
acid (3:1) for 10 min. The colonies were stained with 0.5% crystal violet prior to counting.
Six fields of the well were taken randomly and used for counting. The colonies smaller
than 30 µM were not accounted.
Cell cycle assay: The cells (n = 6) were treated with THTMP (40 µM), T0 (40 µM) and
THTMP + T0 (30 µM + 10 µM) for 48 h and fixed in 70% ice-cold ethanol at 4 ◦ C for 1 h.
The cells were then washed in PBS and resuspended in 500 µL of PBS containing 2 µg/mL
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Propidium Iodide (Sigma-Aldrich, St. Louis, MO, USA), 0.2 mg/mL RNase and 0.1% triton
X-100 and incubated at 37 ◦ C for 30 min. The cells were maintained on ice before the
image analysis using EVOS imaging system (ThermoFisher Scientific, Waltham, MA, USA).
Images were analyzed using CellProfiler ver. 3.1.9 and Matlab ver. R2018b.
Apoptosis assay: MMK1 and JK2 cells at the initial density of 5 × 105 were seeded per
well in 6-well plates and treated with the THTMP and T0 single dosage and combination
of THTMP + T0. Dead Cell Apoptosis Kit with Annexin-V/FITC and PI (ThermoFisher
Scientific, Waltham, MA, USA) was used to analyze the apoptosis induction following the
manufacturer’s protocol. The treated cells were incubated at RT for 15 min prior to the
fluorescence measurements. The image acquisition was done using EVOS imaging system
(ThermoFisher Scientific, Waltham, MA, USA) with 20× objective magnification.
ROS assay: MMK1 and JK2 cells were seeded in 12-well plates with the initial density
of 1 × 105 cells per well. Cells were allowed to grow overnight at appropriate cell culture
condition. The cells were treated with THTMP, T0 and combination of THTMP + T0 for 5 h.
Cells were harvested and incubated with 2 µM 20 ,70 -dichlorodihydrofluorescein diacetate
(H2DCFDA, Sigma-Aldrich), for 30 min at 37 ◦ C with 5% CO2 . Cultures were washed with
PBS and recovered in pre-warmed medium for 20 min. Plate reader (Fluoroskan Ascent FL,
Thermo Labsystems, Männedorf, Switzerland) was used to measure the fluorescence with
the excitation at 485 nm and emission at 538 nm. Hydrogen peroxide (200 µM) (SigmaAldrich, St. Louis, MO, USA) was used as the positive control. The fold increase in ROS
production was calculated based on the fluorescence intensity of treated, untreated, and
blank samples.
Calcium assay: Cells were seeded in 96-well plates with the initial density of
1 × 104 cells per well. At 60–70% confluency, the cells were incubated with 5 µM Fura-2 AM
(Sigma-Aldrich, St. Louis, MO, USA) for 30 min at 37 ◦ C and washed with PBS twice before
the addition of 50 µL of medium. Fluorescent signal was measured every 5 min using
a microplate reader (Spark® , Tecan, Thermo Labsystems, Männedorf, Switzerland) at
two dual excitation/emission wavelengths 340/510 nm and 380/310 nm. After 10 min
of measurement, 50 µL of PBS containing IC50 concentration of the tested compounds
(THTMP, T0 and THTMP + T0) were added to the wells. Fluorescence measurement was
carried out further for 1 h 30 min. The ratio of the fluorescence at the dual wavelengths
(340 nm/380 nm) was used to calculate the changes in [Ca2+ ]i as previously described [25].
Mitochondrial membrane potential assay: The mitochondrial-specific cationic dye
JC-1 (Thermo Fisher Scientific, Waltham, MA, USA) was used to measure the mitochondrial
membrane potential [26]. The assay was performed with the same experimental protocol
as described above for calcium assay except, the addition of 10 µg/mL of JC-1 instead of
Fura-2 AM. Fluorescence intensity was measured using microplate reader (Spark® , Tecan,
Thermo Labsystems, Männedorf, Switzerland) at an excitation and emission wavelength of
485 nm/530 nm and 535 nm/590 nm. The change in mitochondrial membrane potential
was calculated based on the ratio at 590 nm to 530 nm.
Expression profiling of apoptosis array: A proteome profile of human apoptosis
array was done (R&D systems, Minneapolis, MN, USA) following the manufacturer’s
instruction. The array can capture 35 different apoptosis antibodies in duplicate on nitrocellulose membrane. MMK1 and JK2 cells at a density of 1 × 107 cells/mL were treated with
THTMP (30 µM) and T0510.3657 (10 µM) and DMSO as the control for 48 h. The procedure
was performed according to the manufacturer’s protocol. Briefly, the cell lysates along with
the cocktail of biotinylated detection antibodies were incubated with Proteome Profiler
Human apoptosis array. Streptavidin-HRP and chemiluminescent detection reagents are
added which produce the signals at each spot that correspond to the amount of phosphorylated protein. Images were captured using XENOGEN (Vivo Vision IVIS Lumina,
Männedorf, Switzerland). The data were analyzed using ImageJ software.
In-vivo anticancer studies: In vivo anti-cancer activity was evaluated against glioblastoma U373-MG Uppsala in human tumor xenograft mice model. This was originally established at the University of Uppsala (https://web.expasy.org/cellosaurus/CVCL_2818,
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accessed on 24 June 2021) [27]. The protocols were approved by Institutional Animal Ethics
Committee, ACTREC, Tata Memorial Centre, Navi Mumbai (Ethical number: 01/2015),
adhering to CPCSEA guidelines (Registration Number: 65/GO/ReBiBt/S/99/CPCSEA).
In-house bred six- to eight-week-old female mice were used in the experiments. Animals
were maintained with utmost human care to minimize animal suffering before and during
the experiments.
Toxicity studies: Intraperitoneal injection of THTMP + T0 was done in the immunocompetent Nod/Scid mice. Toxicity criteria was considered with the mortality and weight
loss of ≥4 g/mouse. The dosage of the drug used was 20 mg/kg body weight of the
animal and injected at every 7 days of interval for 36 days. The animals were continuously
monitored for any mortality after post-dosing of drugs.
Experimental design: Human Tumor Xenograft-U-373MG Uppsala was developed in
Nod/Scid female mice. Desired experimental groups of n = 6/group was maintained. The
experimental group consist of control (Group A), vehicle control–DMSO (Group B), Positive
control–TMZ (Group C) and THTMP + T0 (Group D). Tumor growth and tumor volume
was measured using digital Vernier caliper (Pro-Max, Electronic Digital Caliper, FowlerNSK, USA). Body weight, tumor volume and mortality of the mice was continuously
monitored throughout the experimentation period of 36 days. After the experimentation
period, the animals were sacrificed following the Institutional Animal Ethics Committee by
injecting Pentobarbital 45 mg/kg, intra peritoneally.
Statistical analysis: Relative tumor volume (RTV in cc), T/C (ratio of test versus control)
and survival was calculated using the following formula. Tumor volume = [(w1 × w1 × w2) ×
(π/6)], where w1 and w2 were the smallest and the largest tumor diameter (cm), respectively.
RTV was measured as tumor volume on the day of measurement/tumor volume on day 1.
Antitumor effectiveness was indicated as T/C ratio.
The percentage treatment/control (T/C%) values and percent tumor regression values
were calculated as follows:
Relative Tumor Volume ( RTV )

T
RTVTest
(%) =
C
RTVControl

(1)

T
× 100)
(2)
C
RTV = mean tumor volume of the drug-treated group on the study day of interest–
mean tumor volume of the drug-treated group on the initial day of dosing; C = mean
tumor volume of the control group. Biological activity was considered significant when
T/C values were ≤0.42, as per the NCI, USA guidelines.
Tumor Regression (%) = 100 − (

3. Results
3.1. Synergic Effect of THTMP + T0 against Patient Derived GBM Cells
Considering the inter-tumor heterogeneity of the GBM that classifies them into molecular subtypes, patient-derived cell lines such as MMK1, JK2, RN1 and PB1 [28] were used
for the analysis of cell growth inhibition. The cells were treated with varying concentrations
of TMZ, THTMP and T0 as described in the method section. We observed two distinct
responses including TMZ-resistant, THTMP-sensitive, T0-senstivecells (Figure 1A) and
TMZ-resistant, THTMP-sensitive, T0-resistant cells (Figure 1B).
At 48 h post-treatment, TMZ single treatment was not effective in reducing the cell
viability in all the cell lines. It showed only 12% growth inhibition even at 100 µM and hence
was denoted as TMZ resistant. Upon THTMP treatment, the cells which showed higher
growth inhibition of about 90% at 75 µM were denoted as THTMP-sensitive. Likewise,
PB1 and RN1 were classified as T0 resistant cell, since they showed only 12.5% and
37.5% of growth inhibition at 75 µM, whereas MMK1 and JK2 were considered as T0
sensitive cells due to their ability to moderately reduce the cell viability up to 73.4% at
75 µM (Figure 1A,B). The half maximal inhibitory concentration (IC50 ) deduced from the
dose-responsive curve was presented in Figure 1C. From the above observation, it was
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Figure 1. Effect of single and combination treatment of alkylaminophenol (THTMP) and GPR17
agonist (T0) on cell growth inhibition in multiple GBM patient tumor tissue-derived cells. The
characteristics of TMZ-resistant, THTMP-sensitive, T0 sensitive cells (A), TMZ-resistant, THTMPsensitive, T0-resistant cells (B) were observed at 48 h post-treatment. The IC50 values of THTMP, T0
for multiple GBM patient tumor tissue-derived cells (C). Cells treated with different combinatorial
conditions, TMZ + T0, TMZ + THTMP, and THTMP + T0 with a series of concentrations (10 µM,
25 µM, 50 µM, 75 µM and 100 µM) on MMK1 (D) and JK2 (E). The data were shown as means ± SD,
with n = 5.

Synergistic effects of THTMP, T0 and TMZ were investigated upon combinatorial
assessment of TMZ + THTMP, TMZ + T0 and THTMP + T0 using their respective IC50
for the selected cell lines. It is discernible that the combination of TMZ + T0 at 70 µM
and 100 µM concentration does not show more than 50% inhibitory effect in both MMK1
and JK2 cells. On treatment with TMZ + THTMP, we observed an increased cell death
to about 80% with significant percentage of growth inhibition of about 90% on treatment
with THTMP + T0 at 50 µM/10 µM concentration. The gradient color in the graph (blue to
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cells
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20.7%
in MMK1
respectively
(Figure
3B).a As
a
TMZTMZ
does does
not inhibit
the migration
and invasion
of MMK1
and and
JK2 cells.
Thus,
the synnote,
not inhibit
the migration
and invasion
of MMK1
JK2 cells.
Thus,
the
ergistic effect
of of
THTMP
+ T0
facilitates
invasion activity
activity
synergistic
effect
THTMP
+ T0
facilitatesthe
theinhibition
inhibitionof
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Figure 3. Analysis of cell migration and invasion assay. Effect of DMSO (control), THTMP, T0 and combination of
Figure 3. Analysis of cell migration and invasion assay. Effect of DMSO (control), THTMP, T0 and combination of THTMP
THTMP + T0 on cell migration (A), invasion (B) on MMK1 and JK2 using transwell method. Microscopic images are the
+ T0 on cell migration (A), invasion (B) on MMK1 and JK2 using transwell method. Microscopic images are the represenrepresentation
% of migration
and invaded
cells captured
in 40× magnification.
The
data
were shown
as±mean
SD,
tation of the %ofofthe
migration
and invaded
cells captured
in 40× magnification.
The data
were
shown
as mean
SD, n±
= 3,
**
np=< 3,
** p < 0.01.
0.01.

3.4.
3.4. Clonogenicity
Clonogenicity of
of THTMP
THTMP ++ T0
T0 in
in Primary
Primary GBM
GBM Tumor
TumorCells
Cells
We
further
performed
the
time-series
clonogenic
assay
to analyze
the efficacy
of
We further performed the time-series clonogenic assay to analyze
the efficacy
of comcombinatorial
drug
THTMP
+
T0
in
inducing
the
cell
reproductive
death
by
DNA
damage.
binatorial drug THTMP + T0 in inducing the cell reproductive death by DNA damage.
MMK1 and JK2 cells presented 47.9% and 55.5% reduction in the colony forming efficiency
MMK1 and JK2 cells presented 47.9% and 55.5% reduction in the colony forming effiafter the combinatorial treatment at 48 h, when compared with the control, DMSO. As the
ciency after the combinatorial treatment at 48 h, when compared with the control, DMSO.
time increases, the effect of THTMP + T0 significantly reduced the number of cells to about
As the time increases, the effect of THTMP + T0 significantly reduced the number of cells
90% at 96 h of treatment. Although THTMP and T0 single treatment reduced the number
to about 90% at 96 h of treatment. Although THTMP and T0 single treatment reduced the
of colony-forming cells, THTMP showed higher effect with 32.3% reduction on MMK1
number of colony-forming cells, THTMP showed higher effect with 32.3% reduction on
cells when compared with T0 which showed only 24% reduction at 48 h post-treatment
MMK1 cells when compared with T0 which showed only 24% reduction at 48 h post-
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(Figure 4A). An analogous result was also observed for JK2 cells with 52.0% and 44.1%
treatment
(Figure 4A).
An THTMP
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result
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52.0%data
and
of
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and
T0 treatment,
respectively
(Figure
44.1%
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THTMP
and
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treatment,
respectively
(Figure
4B).
These
strongly suggest that the combination of THTMP + T0 significantly inhibits the clonogenic
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suggestderived
that theGBM
combination
potential
of patients’
cells. of THTMP + T0 significantly inhibits the clonogenic potential of patients’ derived GBM cells.
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4. Effect
Effect of
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of THTMP
THTMP ++ T0
T0 on
on colony
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formation ability
ability on
on (A)
(A) MMK1
MMK1 and
and (B)
(B) JK2.
JK2.
Figure
Time-lapse
microscopic
images
of
GBM
cells
upon
treatment
at
48
h,
72
h,
and
96
h.
The
data
were
shown
as
mean
±
SD,
Time-lapse microscopic images of GBM cells upon treatment at 48 h, 72 h, and 96 h. The data were shown as mean ± SD,
n = 3, ** p < 0.01.
n = 3, ** p < 0.01.

3.5. THTMP
THTMP +
+ T0
in GBM
GBM
3.5.
T0 Unveils
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the Cell
Cell Cycle
Cycle Checkpoints
Checkpoints in
Dysregulation of
of cell
cell cycle
cycle leading
leading to
to uncontrolled
uncontrolled cell
cell division
division is
is one
one of
of the
the major
major
Dysregulation
characteristic
features
of
tumor
cells
and
thus
arresting
the
cell
cycle
is
considered
an
characteristic features of tumor cells and thus arresting the cell cycle is considered iman
portant mechanism
forfor
anti-glioma
drugs.
It was
evident
from
the earlier
experiments
that
important
mechanism
anti-glioma
drugs.
It was
evident
from
the earlier
experiments
THTMP
+ T0 +induces
cell death
significantly,
whichwhich
prompted
us to us
determine
its effect
that
THTMP
T0 induces
cell death
significantly,
prompted
to determine
its
on
the
cell
cycle.
Cell
cycle
analysis
was
performed
using
PI
staining
and
the
analysis
of
effect on the cell cycle. Cell cycle analysis was performed using PI staining and the analysis
the
fluorescence
images
was
done
using
CellProfiler
ver
3.1.9
(Figure
5A).
of the fluorescence images was done using CellProfiler ver 3.1.9 (Figure 5A).
Upon THTMP
THTMP++T0
T0treatment,
treatment,the
the
percentage
cells
entering
from
G2Mtophase
M phase
Upon
percentage
of of
cells
entering
from
G2 to
did
did
not
show
significant
differences
in
both
cell
lines.
The
shifting
of
MMK1
cells
from
G2
not show significant differences in both cell lines. The shifting of MMK1 cells from G
to
M
2
to M phase
was to
3.5%
to 6.5%,
whereas
JK2shifted
cells shifted
from 14.0%
to 19.3%
(Figure
5B),
phase
was 3.5%
6.5%,
whereas
JK2 cells
from 14.0%
to 19.3%
(Figure
5B), with
withcorresponding
the corresponding
increase
the percentage
of in
cells
in S phase
thancontrol.
the control.
the
increase
in theinpercentage
of cells
S phase
than the
It wasIt
was observed
also observed
that approximately
10%
ofwere
cells seen
wereinseen
the Sof
phase
of DMSOalso
that approximately
10% of
cells
the Sinphase
DMSO-treated
treated
MMK1
cells
with
23.7%,
13.5%
and
22.10%
of
cells
in
THTMP,
T0
and
THTMP
MMK1 cells with 23.7%, 13.5% and 22.10% of cells in THTMP, T0 and THTMP + T0
treated+
T0
treated
cells,
respectively.
Similarly,
40.8%
of
JK2
cells
were
seen
at
S
phase
in the
cells, respectively. Similarly, 40.8% of JK2 cells were seen at S phase in the DMSO treated
DMSO
treated
cells,
while
66.4%,
50.7%
69.6%
were noted
in THTMP,
and
THTMP
cells,
while
66.4%,
50.7%
and
69.6%
wereand
noted
in THTMP,
T0 and
THTMP T0
+ T0
treatment,
+ T0 treatment,
respectively.
on theinDNA
both the
cellsTHTMP
treated
respectively.
Image
analysis Image
on the analysis
DNA content
bothcontent
the cellsintreated
with
with THTMP
and/or
revealed
the cell
S phase. This
and/or
T0 revealed
theT0cell
cycle arrest
in Scycle
phase.arrest
This in
complements
thecomplements
data observedthe
in
data observed in the cell death analysis where a higher percentage of cells was observed
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Figure 5. Effect of combinatorial drug on cell cycle analysis. THTMP and/or T0 compounds induced

Figure 5. Effect of combinatorial drug on cell cycle analysis. THTMP and/or T0 compounds induced cell cycle arrest at
cell cycle arrest at S phase. Representative images of cell cycle analysis in which red color indicates
S phase. Representative images of cell cycle analysis in which red color indicates DNA content of cells and green color
DNA content of cells and green color indicates the area of cell segmentation (A). Percentage of cells
indicates the area of cell segmentation (A). Percentage of cells in different cell cycle phases upon the treatment in MMK1
in different cell cycle phases upon the treatment in MMK1 and JK2 cell lines (B). The data were
and JK2 cell lines (B). The data were shown as mean ± SD, n = 3, * p < 0.05, ** p < 0.01, ns = non-significance.

shown as mean ± SD, n = 3, * p < 0.05, ** p < 0.01, ns = non-significance.
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More detailed analysis on the effect of combinatorial drug, THTMP + T0 on cell death

More detailed
onby
the
effect ofthe
combinatorial
drug,intracellular
THTMP + T0
on celllevel,
death
wasanalysis
evaluated
assessing
rate of apoptosis,
calcium
change in
mitochondrial
membrane
and intracellular
ROS production.
The GBM
cells
were treated
with
was evaluated by
assessing the
rate ofpotential
apoptosis,
calcium
level,
change
in
the combinatorial
drug,
and
the percentage
of The
apoptotic
necrotic
cells were
determined
mitochondrial membrane
potential
and
ROS
production.
GBMand
cells
were treated
with
using
Annexin
V and
propidiumofiodide
staining.
cytotoxicity
the combinatorial
drug,
and the
percentage
apoptotic
andConsistent
necrotic with
cells the
were
deter- assay,
the highest percentage of apoptosis was achieved in response to THTMP + T0 treatment,
mined using Annexin V and propidium iodide staining. Consistent with the cytotoxicity
followed by THTMP and T0. The rate of apoptosis was found to be 34.2%, 18.9% and 15.2%
assay, the highest percentage of apoptosis was achieved in response to THTMP + T0 treatin MMK1 cells, whereas JK2 showed 37.6%, 29.3% and 21.3%, respectively. The very least
ment, followed percentage
by THTMP
T0. cells
The was
rateobserved
of apoptosis
was found
to be 34.2%,
of and
necrotic
in response
to T0 treatment
with18.9%
6.1% and 7.9%
and 15.2% in MMK1
cells,
whereas
JK2
showed
37.6%,
29.3%
and
21.3%,
respectively.
The
in MMK1 and JK2 cells, respectively (Figure 6A).
very least percentageCaof2+necrotic
cells
was
observed
in
response
to
T0
treatment
with
6.1%
signaling is known to be critically involved in effectuation of the cell death. The
key events
in cells,
the apoptosis
are triggered
the intracellular Ca2+ signals and hence the
and 7.9% in MMK1
and JK2
respectively
(Figureby
6A).
estimation of [Ca2+ ]i was performed upon induction by THTMP, T0, THTMP + T0 using
Fura-2 assay. We observed a sustained increase in the [Ca2+] i in a time-dependent manner
in both cell lines (Figure 6B). In MMK1 cells, [Ca2+ ]i signaling was increased till 100 min
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on treatment with either THTMP and THTMP + T0 than T0 treatment. JK2 cells showed
higher [Ca2+ ]i signaling upon THTMP treatment than T0 and THTMP + T0 treatment,
which might be varied due to the cell line specificity. All these data revealed the induction
of calcium influx by THTMP, T0 and THTMP + T0 contributed the calcium mediated11
cell
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death of GBM cells.
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2+ signaling is known to be critically involved in effectuation of the cell death. The
Cadissipation
The
of mitochondrial membrane potential is an early indicator of apoptosis.
events
the apoptosis
are triggered
byathe
Ca2+homeostasis,
signals and and
hence
It key
is also
well in
known
that mitochondria
plays
keyintracellular
role in calcium
thethe
2+
estimation of [Ca ]i was performed upon induction by THTMP, T0, THTMP + T0 using
Fura-2 assay. We observed a sustained increase in the [Ca2+]i in a time-dependent manner
in both cell lines (Figure 6B). In MMK1 cells, [Ca2+]i signaling was increased till 100 min
on treatment with either THTMP and THTMP + T0 than T0 treatment. JK2 cells showed
2+
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rapid [Ca2+ ]i elevation leads to calcium overloading, and thus damages the mitochondrial
membrane. Subsequently, apoptogenic factors released due to this damage also triggers the
intrinsic apoptotic pathway [32–34]. Thus, to examine the effect of the compounds on the
mitochondrial integrity, JC-1 assay was performed to evaluate the change in mitochondrial
membrane potential (MMP). As the time increases, there was a significant loss in the MMP
upon treatment with THTMP + T0 and THTMP than T0 and DMSO treated GBM cells. The
intensity of the green fluorescence represents the cells losing its MMP which was directly
correlated with the cell death or unhealthy cells, whereas the red fluorescence represents
the healthy cells (Figure 6C). It was also evident that T0 treatment increased MMP over 24 h
of treatment than the THTMP and THTMP + T0, which was correlated with the observation
as less calcium influx on T0 treated GBM cells (Figure 6D). These experiments prove that
the combinatorial drug was effective in inducing mitochondria-dependent pathway of
apoptosis through calcium signaling.
To further explore the impact of combinatorial treatment induced apoptosis, we examined the fold change of ROS. As illustrated in Figure 6E, the compounds significantly
induced ROS production in both GBM cells than the DMSO control. The combinatorial treatment increased the production of ROS with 3.5-fold change in MMK1 and approximately
3.0-fold in JK2 cells. This result agreed with the previous data, that the overexpression
of GPR17 stimulates apoptosis by inducing ROS production and thereby inhibits glioma
cell proliferation [35]. This data also suggested that THTMP + T0 was more efficient in
inducing ROS-mediated apoptosis.
3.7. Combination of THTMP/T0 Induces Intrinsic Apoptotic Pathway Rather Than Extrinsic
Apoptotic Pathway in GBM Cells
Proteomic analysis was performed in both GBM cells to identify the potentially altered
proteins associated with the intrinsic and extrinsic pathways of apoptosis. Human apoptosis proteome array was used, which includes 35 apoptosis-related proteins (Figure 7A).
ImageJ was used to analyze apoptotic proteomic array to extrapolate the weak and strong
signals from the images. The relative expression was quantified using the ratiometric
analysis of the signals received from the sample and control. Various intrinsic proteins
such as Bcl-2, cleaved caspases-3, cytochrome c, HSP27, cIAP-1, cIAP-2, p53, and XIAP
were regulated upon combinatorial drug treatment in both GBM cells. The expression of
Bcl-2, an anti-apoptotic protein family that regulates the mitochondria mediated apoptosis, was significantly reduced in both cell lines. In addition, the protein expression of
cleaved caspase-3 and cytochrome c was found to be increased which deregulated the
HSP27 (cytochrome c inhibitor) and Survivin (caspases 9 inhibitor) in both cell lines. We
also noticed an increase in the expression of phospho-p53 (S15 and S46) in both the cells,
which plays a key role in modulating its expression to induce apoptosis. We could observe
a specific downregulation of cellular inhibitor of apoptosis proteins, cIAP-1 and cIAP-2
only in MMK1 cells, which remained unchangeable in JK2 cells. In addition, the level of
XIAP (X-linked Inhibitor of Apoptosis Protein), which was highly correlated with a poor
prognosis, significantly decreased upon combinatorial treatment than the control. Phospho
p53 protein expression was found to be significantly increased in the treated cells, which
plays a key role in both intrinsic and extrinsic apoptotic pathway. Other extrinsic proteins
like the upregulation of death receptors, TNFR, TRAIL R1, TRAIL R2, FADD and Fas was
observed, of which TNFR and TRAIL 1 function as proinflammatory receptors, while the
remaining principally activate cell death pathways (Figure 7B,C).
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In-vivo anti-tumor efficacy of combinatorial drug, THTMP + T0 was evaluated in a

3.8. xenograft
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8A). In-vivo
anti-cancer
activity
was
evaluated
against
glioblastoma U373-MG Uppsala human tumor xenograft mice model. We used U373MG Uppsala cell line, since it was challenging to develop a PDX model with RN1, PB1,
MMK1, JK2 cell lines. The U373-MG Uppsala cell line was considered as the suitable cell
line for developing tumor xenograft mice model, since it carries the same characteristics
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Figure 8B,C revealed the relative tumor volume (RTV) and the relative activity
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(RTV)
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Of note,
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effect
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of
treatment
with
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effect
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experithe experimental period of 36 days. Figure 8C revealed that the relative toxicity value
mental period of 36 days. Figure 8C revealed that the relative toxicity value decreased
decreased
from 0.80 for combinatorial drug to 0.48 for TMZ treatment. This suggests that
from 0.80 for combinatorial drug to 0.48 for TMZ treatment. This suggests that the TMZ
the TMZ has higher toxicity than the combinatorial treatment. The combinatorial drug
has higher toxicity than the combinatorial treatment. The combinatorial drug has shown
has shown a time-sensitive reaction that was able to reduce the tumor volume with least
a time-sensitive reaction that was able to reduce the tumor volume with least toxicity comtoxicity compared to TMZ, thus it can prevent the GBM disease progression free survival
pared to TMZ, thus it can prevent the GBM disease progression free survival through the
through the targeted therapy. We also noticed the animal body weight was maintained in all
targeted therapy. We also noticed the animal body weight was maintained in all condiconditions indicating non-systemic toxicity of the compounds (Supplementary Material).
tions indicating non-systemic toxicity of the compounds (supplemental material).
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p-value
< 0.05
representing
significant
differences
compared
vehicle
control (DMSO)treatment
and positive
p-value
<
0.05
representing
significant
differences
compared
to
vehicle
control
(DMSO)
and
positive
control (TMZ).
control (TMZ).

4. Discussion
4. Discussion
Currently TMZ is considered as a promising chemotherapeutic agent that signifiCurrently
TMZ
considered
a promising
agent
that significantly
cantly prolongs
theis survival
of as
GBM
patients. chemotherapeutic
However, its clinical
applicability
was
prolongs
the survival
GBM
patients.
However,
its clinical
applicability
was greatly
greatly reduced
due toofthe
resistance
developed
by MGMT
expression
and heterogeneity
reduced due to the resistance developed by MGMT expression and heterogeneity of GBM
leading to treatment failure [36]. Previously, we characterized the phenolic compound,
THTMP as an apoptosis inducer that significantly inhibited the GBM proliferation [14,37].
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In addition, it was evident from the in-silico and in-vitro analysis, T0, a GPR17 agonist,
strongly binds with GPR17 receptor and acts as a potent anticancer agent [16]. Thus,
the approach of combining these two drugs along with TMZ could possibly favor the
therapeutic effect against GBM treatment.
In the present study, we evaluated the cytotoxicity effect of THTMP, T0 and TMZ
either as an individual drug and/or as combinatorial drug, against the GBM cells. The cells
were found to be sensitive to THTMP and developed resistance to TMZ, which might be
due to the unmethylation of the MGMT promoter of the GBM cells leading to the resistance
to the alkylating chemotherapy agent, TMZ [28]. Despite the unmethylation of the cells,
the combinatorial drug THTMP + TMZ has shown improved synergistic effect against
GBM cells, with an additive effect for THTMP + T0 combination.
Our study not only demonstrated the anticancer property of the combinatorial treatment but also shed light on its possible molecular signaling pathway against GBM cells.
The proliferation of cancerous cells occurs due to the absence of activated apoptotic signaling pathway [38]. The combinatorial treatment leads to the programmed cell death against
GBM cells by activating various apoptotic factors, and increased cAMP level, an inhibitor
of cell cycle progression and apoptosis inducer in cancer cells [39].
Moreover, various key parameters, like increased calcium, decreased MMP and increased ROS activate the intrinsic apoptotic signaling pathway upon combinatorial treatment. Intrinsic stimuli such as the accumulation of apoptotic mediators within the cell, in
turn promotes Bax-induced cytochrome c release leading to the downstream activation
of caspase 3 and 7 [40,41]. Survivin, a member of the apoptosis protein inhibitor, inhibits
the activation of caspase 3 and 7 and thus blocks the cell death in most of the cancers [42].
The protein array data revealed that the upregulation of cleaved caspase-3 and cytochrome
c with the downregulation of survivin [43] activates the intrinsic apoptotic pathway in
GBM cells. Phosphor-p53, a tumor suppressor protein found to be upregulated, could
control a wide number of genes involved in cellular processes including cell cycle arrest,
cell senescence, DNA repair, metabolic adaptation and cell death. Induction of apoptotic
death in nascent neoplastic cells was viewed as the primary mechanism by which p53
prevents tumor development [44]. Thus, p53 being both intrinsic and extrinsic apoptotic
protein induces cell death and prevents the advancing of the disease.
The preclinical validation of the combinatorial drug in the in-vivo animal model
also confirmed its promising anti-tumor role against GBM. THTMP + T0 was able to
inhibit the GBM progression in-vivo that attributes for the prolonged survival. However,
the inhibitory effect on GBM progression was not as robust as TMZ with the standard
glioma cell lines, U373 Uppsala, which was used for xenograft animal model. TMZ
exerts resistance to the prolonged therapy with hematological toxicity [45], oral ulceration,
hepatotoxicity [46] and pneumocystis pneumonia [47] leading to discontinued therapy.
Overall, the THTMP + T0 exerts less cytotoxicity at reduced concentration and could help in
preventing the progression of the GBM disease through targeted therapy. The investigation
on the combination of THTMP and T0 as GBM-selective anticancer agent in subcutaneous
xenograft model explored the therapeutic potential of the drug. However, the ability of
the combinatorial drug in crossing the blood–brain barrier needs further validation in
GBM animal models. In addition, analyzing the in vitro and in vivo pharmacokinetics
profiling might reveal the toxicity risk of the drug and thereby render its potentiality for
the development of anti-GBM drug.
5. Conclusions
Our findings demonstrate that THTMP + T0 have a strong inhibitory effect on multiple GBM cells derived from GBM patient samples. THTMP also has a synergism effect
with TMZ and T0, against GBM cell lines. Our study indicates that the combination of
THTMP + T0 possesses better cytotoxicity effect in comparison to single THTMP or T0
or TMZ treatment on mesenchymal GBM cells. Moreover, the combinatorial treatment
explores its ability to reduce migration, invasion, and colony formation of GBM cells and
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arrest the cell cycle at S phase. The mechanism of action of combinatorial drug against
GBM cells occurs through the activation of mitochondrial-mediated apoptosis. In addition,
the combinatorial treatment has a promising anti-tumor efficacy in GBM xenograft model,
thereby possibly reducing the disease progression. Thus, we conclude that combination
treatment of THTMP + T0 might be a promising candidate for the GBM drug development.
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.3390/cells10081975/s1, Figure S1: (A) Survival data: Human tumor xenograft-U373-MG, (B) Animal
body weight (grams) data: human tumor xenograft-U373-MG.
Author Contributions: Conceptualization, O.Y.-H. and M.K.; methodology, P.D., P.N., A.M. and
M.K.; validation, P.D., P.N., A.M.; formal analysis, P.D., P.N. and A.M.; investigation, P.D., P.N., A.M.,
N.R.C. and M.K.; resources, A.M., O.Y.-H. and M.K.; data curation, P.D., P.N., A.M.; writing—original
draft, P.D., P.N., A.M., N.R.C., O.Y.-H. and M.K. (with feedback from all authors); writing—review
and editing, P.D., A.M. and M.K.; visualization, P.D., P.N. and M.K.; supervision, O.Y.-H. and M.K.;
funding acquisition, O.Y.-H. and M.K. All authors have read and agreed to the published version of
the manuscript.
Funding: TUT presidents grant for the salary support of P.D. and P.N.; Research materials support
by Academy of Finland project grant support (decision no. 29720; P.D., P.N., A.M., O.Y.-H. and M.K.).
Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Institutional Animal Ethics Committee, ACTREC, Tata Memorial Centre, Navi
Mumbai (Ethical number: 01/2015, Registration Number: 65/GO/ReBiBt/S/99/CPCSEA).
Informed Consent Statement: All protocols involving xenograft mouse model were approved by the
Institutional Animal Ethics Committee, ACTREC, Tata Memorial Centre, Navi Mumbai (Ethical number:
01/2015) and adhered to CPCSEA guidelines (Registration Number: 65/GO/ReBiBt/S/99/CPCSEA).
Data Availability Statement: The data are available from the corresponding authors upon request.
Acknowledgments: We would like to thank Kirsi Granberg (Faculty of Medicine and Health Technology, Tampere, Finland) for providing SNB19 and LN229 cell lines; and QIMR Berghofer, Medical
Research Institute, Australia for providing patient-derived GBM cell lines, MMK1, RN1 and JK2;
TUT presidents grant for the salary support of P.D and P.N; Research materials support by Academy
of Finland project grant support (decision no. 29720; P.D., P.N., A.M., O.Y.H and M.K). We would like
to thank Ville Santala and Rahul Mangayil for providing the luminescence reader for protein study.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

3.
4.
5.
6.

7.
8.

9.

Ostrom, Q.T.; Cote, D.J.; Ascha, M.; Kruchko, C.; Barnholtz-Sloan, J.S. Adult Glioma Incidence and Survival by Race or Ethnicity
in the United States from 2000 to 2014. JAMA Oncol. 2018, 4, 1254–1262. [CrossRef]
Stupp, R.; Mason, W.; van den Bent, M.J.; Weller, M.; Fisher, B.M.; Taphoorn, M.J.B.; Belanger, K.; Brandes, A.A.; Marosi, C.;
Bogdahn, U.; et al. Radiotherapy plus Concomitant\nand Adjuvant Temozolomide for Glioblastoma. N. Engl. J. Med. 2005, 352,
987–996. [CrossRef]
Koshy, M.; Villano, J.L.; Dolecek, T.A.; Howard, A.; Mahmood, U.; Chmura, S.J.; Weichselbaum, R.R.; McCarthy, B.J. Improved
survival time trends for glioblastoma using the SEER 17 population-based registries. J. Neurooncol. 2012, 107, 207–212. [CrossRef]
Zhao, M.; van Straten, D.; Broekman, M.L.D.; Préat, V.; Schiffelers, R.M. Nanocarrier-based drug combination therapy for
glioblastoma. Theranostics 2020, 10, 1355. [CrossRef]
Hegi, M.E.; Diserens, A.-C.; Gorlia, T.; Hamou, M.-F.; de Tribolet, N.; Weller, M.; Kros, J.M.; Hainfellner, J.A.; Mason, W.; Mariani,
L.; et al. MGMT Gene Silencing and Benefit from Temozolomide in Glioblastoma. N. Engl. J. Med. 2005, 352, 997–1003. [CrossRef]
McLendon, R.; Friedman, A.; Bigner, D.; Van Meir, E.G.; Brat, D.J.; Mastrogianakis, G.M.; Olson, J.J.; Mikkelsen, T.; Lehman, N.;
Aldape, K.; et al. Comprehensive genomic characterization defines human glioblastoma genes and core pathways. Nature 2008,
455, 1061.
Qazi, M.A.; Vora, P.; Venugopal, C.; Sidhu, S.S.; Moffat, J.; Swanton, C.; Singh, S.K. Intratumoral heterogeneity: Pathways to
treatment resistance and relapse in human glioblastoma. Ann. Oncol. 2017, 28, 1448–1456. [CrossRef]
Karjalainen, A.; Yli-Harja, O.; Kandhavelu, M.; Doan, P.; Candeias, N.R.; Sandberg, O.; Chandraseelan, J.G. Synthesis of Phenolderivatives and Biological Screening for Anticancer Activity. Anticancer. Agents Med. Chem. 2017, 17, 1710–1720. [CrossRef]
[PubMed]
Tanaka, T.; Shnimizu, M.; Moriwaki, H. Cancer chemoprevention by carotenoids. Molecules 2012, 17, 3202–3242. [CrossRef]
[PubMed]

Cells 2021, 10, 1975

10.

11.

12.
13.

14.

15.
16.
17.

18.
19.
20.
21.

22.

23.
24.
25.
26.

27.
28.

29.
30.
31.
32.
33.
34.

17 of 18

Doan, P.; Karjalainen, A.; Chandraseelan, J.G.; Sandberg, O.; Yli-Harja, O.; Rosholm, T.; Franzen, R.; Candeias, N.R.; Kandhavelu,
M. Synthesis and biological screening for cytotoxic activity of N-substituted indolines and morpholines. Eur. J. Med. Chem. 2016,
120, 296–303. [CrossRef] [PubMed]
Von Pawel, J.; Schiller, J.H.; Shepherd, F.A.; Fields, S.Z.; Kleisbauer, J.P.; Chrysson, N.G.; Stewart, D.J.; Clark, P.I.; Palmer, M.C.;
Depierre, A.; et al. Topotecan versus cyclophosphamide, doxorubicin, and vincristine for the treatment of recurrent small-cell
lung cancer. J. Clin. Oncol. 1999, 17, 658. [CrossRef] [PubMed]
Miller, K.; Wang, M.; Gralow, J.; Dickler, M.; Cobleigh, M.; Perez, E.A.; Shenkier, T.; Cella, D.; Davidson, N.E. Paclitaxel plus
Bevacizumab versus Paclitaxel Alone for Metastatic Breast Cancer. N. Engl. J. Med. 2007, 357, 2666–2676. [CrossRef]
Alvandi, F.; Kwitkowski, V.E.; Ko, C.-W.; Rothmann, M.D.; Ricci, S.; Saber, H.; Ghosh, D.; Brown, J.; Pfeiler, E.; Chikhale,
E.; et al. U.S. Food and Drug Administration Approval Summary: Omacetaxine Mepesuccinate as Treatment for Chronic Myeloid
Leukemia. Oncologist 2013, 19, 94. [CrossRef]
Doan, P.; Musa, A.; Candeias, N.R.; Emmert-Streib, F.; Yli-Harja, O.; Kandhavelu, M. Alkylaminophenol induces G1/S phase cell
cycle arrest in glioblastoma cells through p53 and cyclin-dependent kinase signaling pathway. Front. Pharmacol. 2019, 10, 330.
[CrossRef] [PubMed]
Mutharasu, G.; Murugesan, A.; Mani, S.K.; Yli-Harja, O.; Kandhavelu, M. Transcriptomic analysis of glioblastoma multiforme
providing new insights into GPR17 signaling communication. J. Biomol. Struct. Dyn. 2020, 1–14. [CrossRef]
Saravanan, K.M.; Palanivel, S.; Yli-Harja, O.; Kandhavelu, M. Identification of novel GPR17-agonists by structural bioinformatics
and signaling activation. Int. J. Biol. Macromol. 2018, 106, 901–907. [CrossRef]
Azzabi, A.; Hughes, A.N.; Calvert, P.M.; Plummer, E.R.; Todd, R.; Griffin, M.J.; Lind, M.J.; Maraveyas, A.; Kelly, C.; Fishwick,
K.; et al. Phase I study of temozolomide plus paclitaxel in patients with advanced malignant melanoma and associated in vitro
investigations. Br. J. Cancer 2005, 92, 1006–1012. [CrossRef] [PubMed]
Ni, S.; Fan, X.; Wang, J.; Qi, H.; Li, X. Biodegradable implants efficiently deliver combination of paclitaxel and temozolomide to
glioma C6 cancer cells in vitro. Ann. Biomed. Eng. 2014, 42, 214–221. [CrossRef]
Shchors, K.; Massaras, A.; Hanahan, D. Dual Targeting of the Autophagic Regulatory Circuitry in Gliomas with Repurposed
Drugs Elicits Cell-Lethal Autophagy and Therapeutic Benefit. Cancer Cell 2015, 28, 456–471. [CrossRef]
Doan, P.; Nguyen, T.; Yli-Harja, O.; Kandhavelu, M.; Yli-Harja, O.; Doan, P.; Nguyen, T.; Yli-Harja, O.; Candeias, N.R. Effect of
alkylaminophenols on growth inhibition and apoptosis of bone cancer cells. Eur. J. Pharm. Sci. 2017, 107, 208–216. [CrossRef]
Day, B.W.; Stringer, B.W.; Al-Ejeh, F.; Ting, M.J.; Wilson, J.; Ensbey, K.S.; Jamieson, P.R.; Bruce, Z.C.; Lim, Y.C.; Offenhäuser,
C.; et al. EphA3 Maintains Tumorigenicity and Is a Therapeutic Target in Glioblastoma Multiforme. Cancer Cell 2013, 23, 238–248.
[CrossRef]
Pollard, S.M.; Yoshikawa, K.; Clarke, I.D.; Danovi, D.; Stricker, S.; Russell, R.; Bayani, J.; Head, R.; Lee, M.; Bernstein, M.; et al.
Glioma Stem Cell Lines Expanded in Adherent Culture Have Tumor-Specific Phenotypes and Are Suitable for Chemical and
Genetic Screens. Cell Stem Cell 2009, 4, 568–580. [CrossRef]
Chou, T.C. Drug combination studies and their synergy quantification using the chou-talalay method. Cancer Res. 2010, 70,
440–446. [CrossRef] [PubMed]
Franken, N.A.P.; Rodermond, H.M.; Stap, J.; Haveman, J.; van Bree, C. Clonogenic assay of cells in vitro. Nat. Protoc. 2006, 1,
2315–2319. [CrossRef]
Grynkiewicz, G.; Poenie, M.; Tsien, R.Y. A new generation of Ca2+ indicators with greatly improved fluorescence properties. J.
Biol. Chem. 1985, 260, 3440–3450. [CrossRef]
Vaiyapuri, P.S.; Ali, A.A.; Mohammad, A.A.; Kandhavelu, J.; Kandhavelu, M. Time lapse microscopy observation of cellular
structural changes and image analysis of drug treated cancer cells to characterize the cellular heterogeneity. Environ. Toxicol. 2015,
30, 724–734. [CrossRef]
Westermark, B. The deficient density-dependent growth control of human malignant glioma cells and virus-transformed glia-like
cells in culture. Int. J. Cancer 1973, 12, 438–451. [CrossRef]
Stringer, B.W.; Day, B.W.; D’Souza, R.C.J.; Jamieson, P.R.; Ensbey, K.S.; Bruce, Z.C.; Lim, Y.C.; Goasdoué, K.; Offenhäuser, C.;
Akgül, S.; et al. A reference collection of patient-derived cell line and xenograft models of proneural, classical and mesenchymal
glioblastoma. Sci. Rep. 2019, 9, 1–14. [CrossRef] [PubMed]
Xu, S.; Sun, G.; Shen, Y.; Peng, W.; Wang, H.; Wei, W. Synergistic effect of combining paeonol and cisplatin on apoptotic induction
of human hepatoma cell lines1. Acta Pharmacol. Sin. 2007, 28, 869–878. [CrossRef]
Chen, L.; Ye, H.-L.; Zhang, G.; Yao, W.-M.; Chen, X.-Z.; Zhang, F.-C.; Liang, G. Autophagy Inhibition Contributes to the Synergistic
Interaction between EGCG and Doxorubicin to Kill the Hepatoma Hep3B Cells. PLoS ONE 2014, 9, 1–12. [CrossRef] [PubMed]
Xu, Y.; Shen, M.; Li, Y.; Sun, Y.; Teng, Y.; Wang, Y.; Duan, Y. The synergic antitumor effects of paclitaxel and temozolomide
co-loaded in mPEG-PLGA nanoparticles on glioblastoma cells. Oncotarget 2016, 7, 20890–20901. [CrossRef]
Hajnóczky, G.; Csordás, G.; Das, S.; Garcia-Perez, C.; Saotome, M.; Sinha Roy, S.; Yi, M. Mitochondrial calcium signalling and cell
death: Approaches for assessing the role of mitochondrial Ca2+ uptake in apoptosis. Cell Calcium 2006, 40, 553–560. [CrossRef]
Kruman, I.; Guo, Q.; Mattson, M.P. Calcium and reactive oxygen species mediate staurosporine-induced mitochondrial dysfunction and apoptosis in PC12 cells. J. Neurosci. Res. 1998, 51, 293–308. [CrossRef]
Orrenius, S.; Zhivotovsky, B.; Nicotera, P. Calcium: Regulation of cell death: The calcium-apoptosis link. Nat. Rev. Mol. Cell Biol.
2003, 4, 552–565. [CrossRef] [PubMed]

Cells 2021, 10, 1975

35.
36.

37.

38.
39.
40.
41.
42.
43.
44.
45.
46.

47.

18 of 18

Liu, H.; Xing, R.; Ou, Z.; Zhao, J.; Hong, G.; Zhao, T.J.; Han, Y.; Chen, Y. G-protein-coupled receptor GPR17 inhibits glioma
development by increasing polycomb repressive complex 1-mediated ROS production. Cell Death Dis. 2021, 12, 1–14. [CrossRef]
Quinn, J.A.; Desjardins, A.; Weingart, J.; Brem, H.; Dolan, M.E.; Delaney, S.M.; Vredenburgh, J.; Rich, J.; Friedman, A.H.; Reardon,
D.A.; et al. Phase I trial of temozolomide plus O6-benzylguanine for patients with recurrent or progressive malignant glioma. J.
Clin. Oncol. 2005, 23, 7178–7187. [CrossRef]
Doan, P.; Musa, A.; Murugesan, A.; Sipilä, V.; Candeias, N.R.; Emmert-Streib, F.; Ruusuvuori, P.; Granberg, K.; Yli-Harja, O.;
Kandhavelu, M. Glioblastoma Multiforme Stem Cell Cycle Arrest by Alkylaminophenol through the Modulation of EGFR and
CSC Signaling Pathways. Cells 2020, 9, 681. [CrossRef] [PubMed]
Ouyang, L.; Shi, Z.; Zhao, S.; Wang, F.T.; Zhou, T.T.; Liu, B.; Bao, J.K. Programmed cell death pathways in cancer: A review of
apoptosis, autophagy and programmed necrosis. Cell Prolif. 2012, 45, 487–498. [CrossRef] [PubMed]
Boucher, M.J.; Duchesne, C.; Rivard, N.; Lainé, J.; Morisset, J. cAMP protection of pancreatic cancer cells against apoptosis
induced by ERK inhibition. Biochem. Biophys. Res. Commun. 2001, 285, 207–216. [CrossRef] [PubMed]
Douglas, R.G.; John, C.R. Mitochondria and Apoptosis. Science 1998, 281, 1309–1312.
Tait, S.W.G.; Green, D.R. Mitochondria and cell death: Outer membrane permeabilization and beyond. Nat. Rev. Mol. Cell Biol.
2010, 11, 621–632. [CrossRef] [PubMed]
Mita, A.C.; Mita, M.M.; Nawrocki, S.T.; Giles, F.J. Survivin: Key regulator of mitosis and apoptosis and novel target for cancer
therapeutics. Clin. Cancer Res. 2008, 14, 5000–5005. [CrossRef]
Elmore, S. Apoptosis: A review of programmed cell death. Toxicol. Pathol. 2007, 35, 495–516. [CrossRef] [PubMed]
Aubrey, B.J.; Kelly, G.L.; Janic, A.; Herold, M.J.; Strasser, A. How does p53 induce apoptosis and how does this relate to
p53-mediated tumour suppression? Cell Death Differ. 2018, 25, 104–113. [CrossRef]
Berrocal, A.; Perez Segura, P.; Gil, M.; Balaña, C.; Garcia Lopez, J.; Yaya, R.; Rodríguez, J.; Reynes, G.; Gallego, O.; Iglesias, L.
Extended-schedule dose-dense temozolomide in refractory gliomas. J. Neurooncol. 2010, 96, 417–422. [CrossRef]
Kim, S.S.; Rait, A.; Kim, E.; DeMarco, J.; Pirollo, K.F.; Chang, E.H. Encapsulation of temozolomide in a tumor-targeting
nanocomplex enhances anti-cancer efficacy and reduces toxicity in a mouse model of glioblastoma. Cancer Lett. 2015, 369, 250–258.
[CrossRef] [PubMed]
Tentori, L.; Graziani, G. Recent Approaches to Improve the Antitumor Efficacy of Temozolomide. Curr. Med. Chem. 2008, 16,
245–257. [CrossRef]

