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Abstract: Background: Glioblastoma (GBM) highly expresses Src tyrosine kinase involved in survival,
proliferation, angiogenesis and invasiveness of tumor cells. Src activation also reduces reactive
oxygen species (ROS) generation, whereas Src inhibitors are able to increase cellular ROS levels.
Methods: Pro-oxidative effects of two pyrazolo[3,4-d]pyrimidine derivatives—Src tyrosine kinase
inhibitors, Si306 and its prodrug pro-Si306—were investigated in human GBM cells U87 and patient-
derived GBM-6. ROS production and changes in mitochondrial membrane potential were assessed by
flow cytometry. The expression levels of superoxide dismutase 1 (SOD1) and 2 (SOD2) were studied
by Western blot. DNA damage, cell death induction and senescence were also examined in GBM-6
cells. Results: Si306 and pro-Si306 more prominently triggered ROS production and expression of
antioxidant enzymes in primary GBM cells. These effects were followed by mitochondrial membrane
potential disruption, double-strand DNA breaks and senescence that eventually led to necrosis.
Conclusion: Src kinase inhibitors, Si306 and pro-Si306, showed significant pro-oxidative potential in
patient-derived GBM cells. This feature contributes to the already demonstrated anti-glioblastoma
properties of these compounds in vitro and in vivo and encourages clinical investigations.

Keywords: glioblastoma; Src tyrosine kinase inhibitor; oxidative stress; anticancer activity

1. Introduction

Brain tumors represent 90% of all tumors of the central nervous system (CNS) [1].
Glioblastoma (GBM) is the most frequent and aggressive (WHO grade IV) type of malignant
CNS tumor and is associated with poor prognosis, with a median patient survival of 12 to
15 months [2,3]. The main characteristics of GBM include high proliferation rate, infiltrating
nature and resistance to chemotherapy and radiation. The pathogenesis of GBM is very
complex and includes alterations of numerous key cellular pathways that regulate cell
proliferation, survival, migration and angiogenesis.

In recent years, targeted therapy with drugs directed against molecules with key
roles in proliferation, survival and invasiveness of cancer cells came into focus. Tyrosine
kinases (TKs), with their primary role in tumorigenesis, have become potential targets for
the therapy of several cancer types [4]. Therefore, small molecules that inhibit the kinase
domains of specific TKs have been introduced into the clinical practice of a number of
solid tumors [5]. Nevertheless, many tyrosine kinase inhibitors did not display adequate
efficacy against GBM tumors thus far due to the aggressive and invasive nature of GBM,

Brain Sci. 2021, 11, 884. https://doi.org/10.3390/brainsci11070884 https://www.mdpi.com/journal/brainsci

https://www.mdpi.com/journal/brainsci
https://www.mdpi.com
https://orcid.org/0000-0003-4348-6453
https://orcid.org/0000-0001-7412-3685
https://orcid.org/0000-0002-3576-3329
https://orcid.org/0000-0001-6214-9220
https://orcid.org/0000-0002-9045-8239
https://orcid.org/0000-0003-3371-2381
https://doi.org/10.3390/brainsci11070884
https://doi.org/10.3390/brainsci11070884
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/brainsci11070884
https://www.mdpi.com/journal/brainsci
https://www.mdpi.com/article/10.3390/brainsci11070884?type=check_update&version=2


Brain Sci. 2021, 11, 884 2 of 14

development of drug resistance and ineffective drug delivery across the blood–brain
barrier [6].

The deregulation of Src family tyrosine kinases (SFKs) activity is responsible for the
growth and progression of various cancers [7], while elevated Src activity has been reported
in GBM [8–10]. The discovery of SFKs importance in the biology of glioblastoma has put
focus on dasatinib as a new therapeutic. This potent SFK inhibitor decreases the autophos-
phorylation of Src kinase and consequently reduces downstream signaling from Src to Akt
in GBM cell lines [11], inhibiting their proliferation and invasive potential [12,13]. However,
the failure of its application is reflected in unfavorable pharmacokinetic properties, such as
short half-life and insufficient delivery to the CNS tumors.

One of the Src tyrosine kinase regulation mechanisms is via reactive oxygen species
(ROS) [14]. However, the mechanisms through which a redox-sensitive Src kinase responds
to ROS have not been entirely determined [14]. A study reported that Src activation
attenuated ROS generation, whereas on the contrary Src inhibitors saracatinib and SU6656
increased cellular ROS levels [15]. Other tyrosine kinase inhibitors such as dasatinib,
imatinib and sunitinib have been shown to increase mitochondrial ROS levels and decrease
the mitochondrial membrane potential, leading to cell death [16,17].

Novel TK inhibitors with pyrazolo[3,4-d]pyrimidine scaffold are ATP-competitive TK
inhibitors with good efficacy regarding the inhibition of SFKs [18,19], and their activity
against neuroblastoma and glioblastoma has been demonstrated in vitro and in vivo [20–25].
Specifically, a pyrazolo[3,4-d]pyrimidine derivative, Si306 (Figure 1), strongly suppressed
U87 glioblastoma xenograft growth in nude mice in combination with radiotherapy, and
the findings indicated efficient delivery of Si306 to the brain [26]. Although prodrugs
often have significantly lower biological activity compared to parent drugs [27], com-
parable results were obtained with its prodrug, pro-Si306 (Figure 1), which displayed
improved pharmacological properties compared to Si306. We demonstrated that pro-Si306
possesses enhanced solubility and efficiency in orthotopic GBM model compared to its
parent drug [26].

Brain Sci. 2021, 11, 884 2 of 14 
 

efficacy against GBM tumors thus far due to the aggressive and invasive nature of GBM, 
development of drug resistance and ineffective drug delivery across the blood–brain 
barrier [6]. 

The deregulation of Src family tyrosine kinases (SFKs) activity is responsible for the 
growth and progression of various cancers [7], while elevated Src activity has been re-
ported in GBM [8–10]. The discovery of SFKs importance in the biology of glioblastoma 
has put focus on dasatinib as a new therapeutic. This potent SFK inhibitor decreases the 
autophosphorylation of Src kinase and consequently reduces downstream signaling from 
Src to Akt in GBM cell lines [11], inhibiting their proliferation and invasive potential 
[12,13]. However, the failure of its application is reflected in unfavorable pharmacoki-
netic properties, such as short half-life and insufficient delivery to the CNS tumors. 

One of the Src tyrosine kinase regulation mechanisms is via reactive oxygen species 
(ROS) [14]. However, the mechanisms through which a redox-sensitive Src kinase re-
sponds to ROS have not been entirely determined [14]. A study reported that Src activa-
tion attenuated ROS generation, whereas on the contrary Src inhibitors saracatinib and 
SU6656 increased cellular ROS levels [15]. Other tyrosine kinase inhibitors such as da-
satinib, imatinib and sunitinib have been shown to increase mitochondrial ROS levels 
and decrease the mitochondrial membrane potential, leading to cell death [16,17]. 

Novel TK inhibitors with pyrazolo[3,4-d]pyrimidine scaffold are ATP-competitive 
TK inhibitors with good efficacy regarding the inhibition of SFKs [18,19], and their activ-
ity against neuroblastoma and glioblastoma has been demonstrated in vitro and in vivo 
[20–25]. Specifically, a pyrazolo[3,4-d]pyrimidine derivative, Si306 (Figure 1), strongly 
suppressed U87 glioblastoma xenograft growth in nude mice in combination with radi-
otherapy, and the findings indicated efficient delivery of Si306 to the brain [26]. Although 
prodrugs often have significantly lower biological activity compared to parent drugs 
[27], comparable results were obtained with its prodrug, pro-Si306 (Figure 1), which 
displayed improved pharmacological properties compared to Si306. We demonstrated 
that pro-Si306 possesses enhanced solubility and efficiency in orthotopic GBM model 
compared to its parent drug [26]. 

 
Figure 1. Molecular structure of Si306 and pro-Si306. 

In addition, our earlier studies showed that Si306 and pro-Si306 were twice as effi-
cient in inhibiting GBM cell growth compared to dasatinib and were equally effective in 
sensitive and multidrug-resistant GBM cells [20,22,25]. We showed that Si306 and 
pro-Si306 suppress the activity of P-glycoprotein, a membrane efflux transporter whose 
overexpression is responsible for glioblastoma resistance to therapy and has an im-
portant role in the blood–brain barrier. Si306 and its prodrug also significantly reduced 
the invasive potential of several primary GBM cultures, as well as GBM xenografts in 
zebrafish embryo model [25]. 

Our previous findings encouraged the further investigations of these pyrazo-
lo[3,4-d]pyrimidine derivatives as potential candidates for new targeted therapy of glio-
blastoma. In this study, we aimed to evaluate the pro-oxidative effect of Si306 and 
pro-Si306 in GBM cells. 

Figure 1. Molecular structure of Si306 and pro-Si306.

In addition, our earlier studies showed that Si306 and pro-Si306 were twice as efficient
in inhibiting GBM cell growth compared to dasatinib and were equally effective in sensitive
and multidrug-resistant GBM cells [20,22,25]. We showed that Si306 and pro-Si306 suppress
the activity of P-glycoprotein, a membrane efflux transporter whose overexpression is
responsible for glioblastoma resistance to therapy and has an important role in the blood–
brain barrier. Si306 and its prodrug also significantly reduced the invasive potential of
several primary GBM cultures, as well as GBM xenografts in zebrafish embryo model [25].

Our previous findings encouraged the further investigations of these pyrazolo[3,4-
d]pyrimidine derivatives as potential candidates for new targeted therapy of glioblastoma.
In this study, we aimed to evaluate the pro-oxidative effect of Si306 and pro-Si306 in
GBM cells.
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2. Materials and Methods
2.1. Drugs

Derivatives of pyrazolo[3,4-d]pyrimidine, Si306 and its prodrug pro-Si306, were ob-
tained as previously described [26]. Dasatinib was purchased from Sigma-Aldrich Chemie
GmbH (Taufkirchen, Germany). Si306, pro-Si306 and dasatinib were dissolved in dimethyl
sulfoxide (DMSO) and kept at room temperature as 20 mM aliquots. Immediately before
treatment, drugs were diluted in sterile phosphate buffered saline (PBS).

2.2. Chemicals

Minimum Essential Medium (MEM) was purchased from Capricorn Scientific GmbH
(Ebsdorfergrund, Germany), while DMEM/F12 medium, penicillin-streptomycin solution,
amphotericin B solution, L-glutamine and trypsin were purchased from Biowest (Nuaillé,
France). Fetal bovine serum (FBS), non-essential amino acids, DMSO, Thiazolyl blue tetra-
zolium bromide (MTT) and JC-1 were obtained from Sigma-Aldrich Chemie GmbH. Dihy-
droethidium (DHE), dihydrorhodamine 123 (DHR), fluorescein-di-β-D-galacto-pyranoside
(FDG) and hoechst 33342 were purchased from Thermo Fisher Scientific (Waltham, MA,
USA). Annexin-V-FITC (AV) and propidium iodide (PI) Apoptosis Detection Kit was
purchased from Abcam (Cambridge, UK). Bovine serum albumin (BSA) was from Serva
(Heidelberg, Germany) and Triton™ X-100 was from Merck KGaA (Darmstadt, Germany).
Anti-phospho-histone H2A.X (Ser139) rabbit primary antibody was from Cell Signaling
Technology® (Danvers, MA, USA) and Alexa Fluor® 488 goat anti-rabbit IgG (H + L)
secondary antibody was purchased from Thermo Fisher Scientific.

2.3. Cell Lines

Human glioblastoma cell line U87 was purchased from American Type Culture Col-
lection (Rockville, MD, USA). The cell line was cultured in MEM supplemented with 10%
FBS, L-glutamine (2 mM), 10,000 U/mL penicillin, 10 mg/mL streptomycin solution and
1% non-essential amino acids. Cells were maintained at 37 ◦C in humidified 5% CO2
atmosphere.

2.4. Primary Glioblastoma Culture

The histological grade of the surgical specimen from a patient with WHO grade
IV glioblastoma was established by histopathological analysis. The tissue sample was
collected during surgery and immediately processed. First, the tissue was chopped with
a surgical blade in a sterile Petri dish. Chemical dissociation was achieved by adding
Accumax solution (Sigma-Aldrich Chemie GmbH) to the chopped tissue for 15 min at
room temperature. Dissociated tissue was then centrifuged and resuspended in 5 mL
of DMEM/F12 medium, supplemented with 10% FBS, 2 mM L-glutamine, 10,000 U/mL
penicillin, 10 mg/mL streptomycin and 25 µg/mL amphotericin B solution. DMEM/F12
medium was additionally supplemented with growth factors: 20 µL/mL B-27, 40 ng/mL
epidermal growth factor and 20 ng/mL basic fibroblast growth factor, all purchased from
Thermo Fisher Scientific. To confirm cell attachment, dissociated tissue was monitored for
48 h before changing the medium. Attached cells were grown until confluence prior to
further studies. The glioblastoma origin of the established primary culture, named GBM-6,
was confirmed as previously described [25]. The passage number of GBM-6 was kept low
to prevent genetic and epigenetic changes in cells [28], to ensure the translational potential
of obtained results [29].

2.5. MTT Assay

U87 and GBM-6 cells were seeded in triplicate into flat-bottomed 96-well cell culture
plates at a density of 4000 cells per well and incubated overnight in 100 µL of the appro-
priate medium. The cells were treated for 72 h with increasing concentrations of Si306
or pro-Si306 (1, 2.5, 5, 10 and 25 µM) to assess cell growth. Cells cultured in media alone
served as a negative control and 0.25% (v/v) DMSO was used as a solvent control. This
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colorimetric assay is based on the 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) enzymatic reduction into formazan dye by active mitochondria in viable
cells, indicating their metabolic activity. After treatment, 100 µL of MTT solution (2 mg/mL)
was added to each well and the plates were incubated at 37 ◦C for 4 h. Subsequently, the
formazan crystals formed in cells with viable mitochondria were dissolved in 200 µL of
DMSO, and absorbance was measured at 540 nm using an automated microplate reader
(LKB 5060–006 Micro Plate Reader, LKB, Vienna, Austria). The growth curves for Si306
and pro-Si306 were obtained by nonlinear regression analysis using GraphPad Prism 6.0
software (GraphPad Software, La Jolla, CA, USA).

2.6. Reactive Oxygen and Nitrogen Species Detection by Flow Cytometry

Reactive oxygen species and reactive nitrogen species (RNS) levels in U87 and GBM-6
cells were assessed by flow cytometry. DHE fluorescence was measured to detect superox-
ide anion levels in cells, while hydrogen peroxide and peroxynitrite anions were detected
by DHR fluorescence. U87 and GBM-6 cells were seeded in 6-well plates at a density of
200,000 cells/well and incubated overnight. The cells were treated with 10 µM Si306 or
pro-Si306 for 24 h. Next, adherent cells were harvested by trypsinization and incubated
in with 1 µM DHE or DHR for 30 min at 37 ◦C in the dark. After washing twice in PBS,
DHE and DHR fluorescence was measured on a CyFlow Space flow cytometer (Partec,
Münster, Germany). in FL2 and FL1 channel, respectively. A minimum of 10,000 events
were assayed for each sample. The results were analyzed by Summit 4.3 software (Dako
Colorado Inc., Fort Collins, CO, USA).

2.7. Mitochondrial Transmembrane Potential Detection by Flow Cytometry

Mitochondrial transmembrane potential was evaluated by measuring JC-1 fluores-
cence on a flow cytometer. JC-1 is a cationic dye whose mitochondrial accumulation is
dependent on the mitochondrial membrane potential [30]. The loss of mitochondrial trans-
membrane potential reduces the amount of red fluorescent JC-1 aggregates accumulated in
mitochondria and increases the amount of cytoplasmic JC-1 monomers which fluoresce
in green. U87 and GBM-6 cells were incubated overnight in 6-well plates at a density
of 200,000 cells/well, and then treated with 10 µM Si306 or pro-Si306 for 24 h. The cells
were then trypsinized, resuspended in 500 µL of appropriate media containing 2 µM JC-1
and incubated for 30 min at 37 ◦C in the dark. After washing twice in PBS, green and
red fluorescence emissions were detected on a CyFlow Space flow cytometer and their
ratio was analyzed in Summit 4.3 software. A minimum of 10,000 events were assayed for
each sample.

2.8. Western Blot Analysis

The protein levels in GBM-6 and U87 cells were assessed via Western blot analysis.
Cells were seeded into cell culture flasks (1 × 106 cells per flask) and incubated overnight
in 5 mL of appropriate media. Cells were then treated with 10 µM Si306 or pro-Si306
for 24 h. Next, the cells were lysed in Laemmli buffer (glycerol, 1M TRIS pH 6.8, 1%
SDS, mQH2O and 20% β-mercaptoethanol) with bromphenol blue. Samples were then
boiled for 5 min at 95 ◦C and kept at −80 ◦C until used. The proteins were first separated
by 12% SDS-PAGE, and then transferred to PVDF membrane (Immobilon®-PSQ, Merck
Millipore, Dublin, Ireland). The membranes were blocked with 5% non-fat dry milk (GE
Healthcare, Buckinghamshire, UK) in TBST for 1 h at room temperature and incubated
overnight at 4 ◦C with the following primary rabbit antibodies: polyclonal anti-Thioredoxin
Reductase 1 (TrxR1) (Abcam; ab124954), polyclonal anti-Superoxide Dismutase 1 (SOD1)
(Abcam; ab13498), polyclonal anti-Superoxide Dismutase 2 (SOD2) (Abcam; ab13533).
After incubation with primary antibodies, the membranes were rinsed for 5 min, 6 times
in TBST and incubated for 1 h at room temperature with a Horse Radish Peroxidase
(HRP)-conjugated anti-rabbit secondary antibody (Abcam; ab6721). Immunoreactivity was
detected by iBright™ CL1500 Western Blot Imaging System (Thermo Fisher Scientific).
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Each blot was re-probed with rabbit polyclonal anti-β-actin antibody (Abcam; ab8227)
and incubated with (HRP)-conjugated anti-rabbit secondary antibody. All antibodies were
diluted in TBST. Immunoreactive bands were quantified by densitometry using ImageJ
software (U.S. National Institutes of Health, Bethesda, MD, USA) and expressed as relative
values (i.e., density ratio normalized to the corresponding internal control, β-actin signal).

2.9. Double Strand DNA Breaks Detection by Flow Cytometry

The fluorescence intensity of anti-phospho-histone H2A.X antibody, which detects
endogenous levels of phosphorylated H2A.X recruited to double strand DNA breaks sites,
was used to quantify DNA damage in GBM-6 cells by flow cytometry. The cells were
seeded at a density of 200,000 cells/well and grown overnight in 6-well tissue culture
plates. The cells were subsequently treated with 10 µM Si306 or pro-Si306 for 72 h at
37 ◦C. After harvesting, the cells were washed in PBS and fixed in 4% paraformaldehyde
for 10 min at room temperature. The cells were then permeabilized with ice cold 90%
methanol for 30 min at 4 ◦C. After washing in PBS, the cells were blocked with 0.5% BSA
in PBS for 1 h, and afterwards incubated overnight at 4 ◦C with anti-phospho-histone
H2A.X antibody diluted 1:200 in 0.5% BSA in PBS. After washing in PBS, the cells were
incubated for 30 min at room temperature with fluorescent Alexa Fluor 488 anti-rabbit
IgG (H + L) secondary antibody diluted 1:1000 in 0.5% BSA in PBS. The cells were then
washed and resuspended in 1 mL of PBS. The fluorescence intensity was measured in
FL1 channel on a CyFlow Space flow cytometer. A minimum of 10,000 events were
recorded for each sample. The collected data were analyzed using FCSalyzer 0.9.17 software
(https://sourceforge.net/projects/fcsalyzer/, accessed on June 2019).

2.10. Double Strand DNA Breaks Detection by Immunocytochemistry

For immunostaining of phosphorylated H2A.X, GBM-6 cells were seeded (25,000 cells/
chamber) in 4-well chamber slides (Nunc, Nalgene, Denmark) in 500 µL of appropriate
medium and allowed to grow at 37 ◦C overnight. The cells were then treated for 72 h with
10 µM Si306 or pro-Si306. Next, the cells were washed in PBS, fixed in 4% paraformaldehyde
for 15 min at room temperature and blocked in 0.5% BSA in PBS for 1 h. Anti-phospho-
histone H2A.X antibody was applied at 1:1000 dilution in PBS/0.3% Triton X-100 and
the cells were incubated overnight at 4 ◦C. After washing in PBS, fluorescent Alexa Fluor
488 anti-rabbit IgG (H + L) secondary antibody was applied at 1:1000 dilution in 0.5% BSA
in PBS for 1 h at room temperature. To mark the nuclei, the cells were co-stained with
hoechst 33342 and then mounted in Mowiol (Sigma-Aldrich Chemie GmbH). The cells
were visualized under a Zeiss Axiovert inverted fluorescent microscope (Carl Zeiss, Jena,
Germany) and imaged using AxioVision 4.8 software.

2.11. Cell Death Detection by Flow Cytometry

The percentages of apoptotic, necrotic and viable cells were assessed by Abcam
Apoptosis Detection Kit through Annexin-V-FITC and PI staining according to the manu-
facturer’s instructions. GBM-6 cells were seeded and incubated overnight in 6-well culture
plates at a density of 200,000 cells/well. GBM-6 cells were then treated for 72 h with
10 µM Si306, pro-Si306 or dasatinib. The attached and floating cells were collected by
centrifugation and AV/PI staining of the cells was analyzed within 1 h by flow cytometry.
The fluorescence intensity was measured in green FL1 and red FL2 channel on CyFlow
Space flow cytometer. In each sample, 10,000 cells were recorded, and the percentages of
viable (AV− PI−), early apoptotic (AV+ PI−), late apoptotic (AV+ PI+) and necrotic (AV−
PI+) cells were analyzed by Summit 4.3 software.

2.12. β-Galactosidase Activity Assay

The β-galactosidase activity of senescent cells was assessed by flow cytometry by
measuring the fluorescence of its substrate, fluorescein-di-β-D-galacto-pyranoside. GBM-6
cells were seeded in 6-well plates at a density of 200,000 cells/well and incubated overnight.

https://sourceforge.net/projects/fcsalyzer/
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The cells were then treated with 10 µM Si306 or pro-Si306 for 72 h. After treatment, adherent
cells were trypsinized and suspended in 25 µL of appropriate media pre-warmed to 37 ◦C.
FDG solution (2 mM) was prepared in sterile H2O, pre-warmed at 37 ◦C for 10 min, and
25 µL were added to each aliquot of cells. The cells and FDG solution were rapidly mixed
and incubated for 1 min at 37 ◦C in a water bath. Next, 1 mL of ice-cold PBS with 0.2 µg
of PI was added to the cells and they were stored on ice until analysis on a CyFlow Space
flow cytometer. Dead cells were excluded from the analysis based on the uptake of PI. A
minimum of 10,000 events were assayed for each sample. The results were analyzed by
Summit 4.3 software.

2.13. Statistical Analysis

Statistical analysis was performed by GraphPad Prism 6.0 software. The flow cytome-
try results were analyzed by Student’s t-test, and the Western blot data were analyzed by
two-way analysis of variance (ANOVA) test with Tukey’s post-hoc test, and the accepted
level of significance was p < 0.05.

3. Results
3.1. Si306 and Pro-Si306 Induce Oxidative Stress in Glioblastoma Cells

For comparison of the compounds’ efficacy between U87 and GBM-6 cells, the treat-
ment concentrations used in this study were selected based on the Si306 and pro-Si306 cell
growth curves (Figure 2). The 10 µM concentration was efficient in inducing cell growth
arrest in both commercial and patient-derived cells and was therefore selected for the
oxidative stress studies.
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Figure 2. The sensitivity of glioblastoma cells to Si306 and pro-Si306. The effects of Si306 and
pro-Si306 on cell growth inhibition were assessed by the MTT assay after 72 h. The graphs represent
nonlinear regression fitted curves generated by GraphPad Prism 6.0 software.

The potential of Src tyrosine kinase inhibitors to generate ROS and RNS was analyzed
by flow cytometry. The presence of superoxide anion, hydrogen peroxide and peroxynitrite
anion was investigated in GBM-6 and U87 cells stained with DHE or DHR after 10 µM
treatments with Si306 and pro-Si306 for 24 h.

The intensity of DHE fluorescence, which is proportional to the O2
− levels, increased

in GBM-6 cells after Si306 treatment producing 63.02% of DHE-positive cells compared to
25.23% recorded in the control sample (Figure 3a). Pro-Si306 increased the percentage of
DHE-positive cells to 55.57%. In the U87 cell line, Si306 treatment increased the amount of
superoxide anion from 5.43% to 15.32%, while pro-Si306 treatment had no effect (Figure 3a).

The intensity of DHR fluorescence, which is proportional to the H2O2 and ONOO−

levels, increased in Si306-treated GBM-6 cells, resulting in 8.02% of DHR-positive cells
compared to the control, which had 5.78% (Figure 3b). Pro-Si306 treatment produced 12.09%
DHR-positive cells. The U87 cell line displayed a significant increase in hydrogen peroxide
and peroxynitrite levels after treatments with Src tyrosine kinase inhibitors. The highest
percentage of DHR-positive cells was recorded after Si306 treatment, 35.91% compared to
the control, which had 5.27%. After prodrug treatment, the percentage of DHR-positive
cells was 19.54% (Figure 3b).



Brain Sci. 2021, 11, 884 7 of 14

Brain Sci. 2021, 11, 884 7 of 14 
 

of superoxide anion from 5.43% to 15.32%, while pro-Si306 treatment had no effect (Fig-
ure 3a). 

 
Figure 3. Si306 and pro-Si306 increase the levels of reactive oxygen and nitrogen species and de-
polarize mitochondrial membrane in glioblastoma cells. DHE, DHR and JC-1 fluorescence was 
evaluated by flow cytometry after 24 h treatment with 10 µM Si306 and pro-Si306. (a) Production of 
superoxide anion in GBM-6 and U87 cells. Percentages represent the number of cells with high 
levels of superoxide anions. The region of interest (green) was set to include approximately 5% of 
DHE-positive cells in the U87 control group. Due to the greater heterogeneity of GBM-6, the region 
of interest captured about 25% of DHE-positive control cells. (b) Production of hydrogen peroxide 
and peroxynitrite anion in GBM-6 and U87 cells. Percentages represent the number of cells with 
high levels of hydrogen peroxide and peroxynitrite anions. The region of interest (green) was set to 
include approximately 5% of DHR-positive cells in the control group. (c) Transmembrane potential 
of the mitochondrial membrane in GBM-6 and U87 cells. The histogram shows the relative ratio of 
JC-1 fluorescence in FL1 and FL2 channels. A statistically significant difference between treated 
and control groups is shown as *** (p < 0.001). 

Figure 3. Si306 and pro-Si306 increase the levels of reactive oxygen and nitrogen species and
depolarize mitochondrial membrane in glioblastoma cells. DHE, DHR and JC-1 fluorescence was
evaluated by flow cytometry after 24 h treatment with 10 µM Si306 and pro-Si306. (a) Production
of superoxide anion in GBM-6 and U87 cells. Percentages represent the number of cells with high
levels of superoxide anions. The region of interest (green) was set to include approximately 5% of
DHE-positive cells in the U87 control group. Due to the greater heterogeneity of GBM-6, the region
of interest captured about 25% of DHE-positive control cells. (b) Production of hydrogen peroxide
and peroxynitrite anion in GBM-6 and U87 cells. Percentages represent the number of cells with
high levels of hydrogen peroxide and peroxynitrite anions. The region of interest (green) was set to
include approximately 5% of DHR-positive cells in the control group. (c) Transmembrane potential
of the mitochondrial membrane in GBM-6 and U87 cells. The histogram shows the relative ratio of
JC-1 fluorescence in FL1 and FL2 channels. A statistically significant difference between treated and
control groups is shown as *** (p < 0.001).
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3.2. Si306 and Pro-Si306 Cause Depolarization of Mitochondria in Glioblastoma Cells

Since elevated ROS and RNS production influence mitochondrial function, the effect
of Src tyrosine kinase inhibitors on mitochondrial membrane potential in GBM-6 and U87
cells after 24 h treatment was studied by flow cytometry (Figure 3c). Mitochondrial depolar-
ization was determined by calculating the relative ratio of JC-1 green and red fluorescence.

In GBM-6 cells treated with 10 µM Si306 and pro-Si306, the relative ratio of green
to red fluorescence of JC-1 increased by approximately 1.7-fold compared to the control,
indicating a substantial number of cells with decreased mitochondrial transmembrane
potential (Figure 3c). In the U87 cell line, Si306 and pro-Si306 treatments also efficiently
depolarized the mitochondrial membrane, resulting in a 1.5-fold increase in the green/red
fluorescence ratio compared to the control (Figure 3c).

3.3. Si306 and Pro-Si306 Increase the Expression of SOD1 and SOD2 in Glioblastoma Cells

The anti-oxidative capacity of GBM cells was analyzed by Western blot. When com-
pared to primary GBM cells, U87 cells displayed over 5-fold and 8-fold higher basal
expressions of key antioxidant enzymes SOD1 and SOD2, respectively (Figure 4a).

Brain Sci. 2021, 11, 884 8 of 14 
 

The intensity of DHR fluorescence, which is proportional to the H2O2 and ONOO− 
levels, increased in Si306-treated GBM-6 cells, resulting in 8.02% of DHR-positive cells 
compared to the control, which had 5.78% (Figure 3b). Pro-Si306 treatment produced 
12.09% DHR-positive cells. The U87 cell line displayed a significant increase in hydrogen 
peroxide and peroxynitrite levels after treatments with Src tyrosine kinase inhibitors. The 
highest percentage of DHR-positive cells was recorded after Si306 treatment, 35.91% 
compared to the control, which had 5.27%. After prodrug treatment, the percentage of 
DHR-positive cells was 19.54% (Figure 3b). 

3.2. Si306 and Pro-Si306 Cause Depolarization of Mitochondria in Glioblastoma Cells 
Since elevated ROS and RNS production influence mitochondrial function, the effect 

of Src tyrosine kinase inhibitors on mitochondrial membrane potential in GBM-6 and U87 
cells after 24 h treatment was studied by flow cytometry (Figure 3c). Mitochondrial de-
polarization was determined by calculating the relative ratio of JC-1 green and red fluo-
rescence. 

In GBM-6 cells treated with 10 µM Si306 and pro-Si306, the relative ratio of green to 
red fluorescence of JC-1 increased by approximately 1.7-fold compared to the control, 
indicating a substantial number of cells with decreased mitochondrial transmembrane 
potential (Figure 3c). In the U87 cell line, Si306 and pro-Si306 treatments also efficiently 
depolarized the mitochondrial membrane, resulting in a 1.5-fold increase in the green/red 
fluorescence ratio compared to the control (Figure 3c). 

3.3. Si306 and Pro-Si306 Increase the Expression of SOD1 and SOD2 in Glioblastoma Cells 
The anti-oxidative capacity of GBM cells was analyzed by Western blot. When 

compared to primary GBM cells, U87 cells displayed over 5-fold and 8-fold higher basal 
expressions of key antioxidant enzymes SOD1 and SOD2, respectively (Figure 4a). 

 
Figure 4. Si306 and pro-Si306 change the protein expression of antioxidant enzymes in glioblasto-
ma cells. (a) Difference in protein expression levels of SOD1 and SOD2 between GBM-6 and U87 
cells. The protein expression levels are presented as fold-difference compared to GBM-6 cells. The 
histogram represents Western blot data expressed as protein levels normalized to β-actin. Values 
are expressed as mean ± SD (n = 3). A statistically significant difference between GBM-6 and U87 
cells is shown as * (p < 0.05) and ** (p < 0.01). (b) Representative Western blot images of superoxide 

Figure 4. Si306 and pro-Si306 change the protein expression of antioxidant enzymes in glioblastoma
cells. (a) Difference in protein expression levels of SOD1 and SOD2 between GBM-6 and U87 cells. The
protein expression levels are presented as fold-difference compared to GBM-6 cells. The histogram
represents Western blot data expressed as protein levels normalized to β-actin. Values are expressed
as mean ± SD (n = 3). A statistically significant difference between GBM-6 and U87 cells is shown
as * (p < 0.05) and ** (p < 0.01). (b) Representative Western blot images of superoxide dismutase 1
(SOD1) and superoxide dismutase 1 (SOD2) protein expression in GBM-6 and U87 cells after 24 h
treatment with 10 µM Si306 and pro-Si306 are shown on the left panel. Quantification of protein
expression levels of SOD1 and SOD2 in control cells and upon treatment is shown on the right panel.
Histograms represent Western blot data expressed as protein levels normalized to β-actin. Values are
expressed as mean ± SD (n = 3). A statistically significant difference between treated and control
group is shown as * (p < 0.05), ** (p < 0.01) and *** (p < 0.001).

To investigate whether the observed pro-oxidative effects of Si306 and pro-Si306
influence the expression of SOD1 and SOD2, GBM-6 and U87 cells were analyzed after 24 h
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treatment (Figure 4b). Src tyrosine kinase inhibitors increased the relative expression of
SOD1 over 2-fold in GBM-6 cells, while SOD2 expression increased over 5-fold and 6-fold
after treatment with Si306 and pro-Si306, respectively.

In U87 cells, the levels of SOD1 and SOD2 increased over 50% and 70% after Si306
treatment, respectively (Figure 4b). Thus, the effect of the prodrug on the expression levels
of these enzymes in the U87 cell line after 24 h was not as evident as in primary cells.

3.4. Si306 and Pro-Si306 Induce DNA Damage in Primary Glioblastoma Cells

Since Src tyrosine kinase inhibitors induced prominent oxidative stress in GBM-6 cells,
further investigations were focused on the effects resulting from elevated ROS production
in primary GBM cells—DNA damage and cell death.

DNA damage in GBM-6 cells was analyzed by flow cytometry and fluorescence
microscopy. The levels of phosphorylated H2A.X histone, a DNA double-stranded breaks
marker, were determined after 72 h treatments with 10 µM Si306 and pro-Si306.

Src tyrosine kinase inhibitors caused DNA damage in GBM-6 cells to a similar ex-
tent. After Si306 treatment, double strand DNA breaks were detected in ~50% more cells
compared to the control, while pro-Si306 treatment resulted in ~40% more cells with
phosphorylated H2A.X histone staining (Figure 5a).

DNA damage in GBM-6 cells caused by Src tyrosine kinase inhibitors was also visu-
alized on a fluorescence microscope after immunolabeling with phospho-histone H2A.X
antibody (Figure 5a).

3.5. Si306 and Pro-Si306 Induce Necrosis in Primary Glioblastoma Cells

To examine the potential of Src tyrosine kinase inhibitors to induce cell death, GBM-6
cells were treated for 72 h. Flow-cytometric analysis of AV/PI-labeled GBM-6 cells showed
that after Si306 application most cells entered necrosis—33.81%, while the number of
GBM-6 cells in early and late apoptosis was 1.64% and 5.78%, respectively (Figure 5b).
After 10 µM treatment with pro-Si306, 36.7% cells were necrotic. The effects of Si306 and
pro-Si306 on cell death induction in primary GBM cells were similar to that of dasatinib, a
well-known tyrosine kinase inhibitor. After dasatinib treatment, 31.25% of cells entered
necrosis (Figure 5b).

3.6. Si306 and Pro-Si306 Induce Senescence in Primary Glioblastoma Cells

The potential of Src tyrosine kinase inhibitors to induce senescence, i.e., irreversible
cell cycle arrest, in GBM-6 cells was also analyzed. The measurement of β-galactosidase
activity by flow cytometry showed that Si306 treatment significantly increased the number
of GBM-6 cells that metabolize FDG, 60.38% compared to 23.75% recorded in the control
sample (Figure 5c). After pro-Si306 treatment, cellular senescence was detected in 49.23%
of cells.
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Figure 5. Si306 and pro-Si306 induce DNA damage, cell death and senescence in primary glioblas-
toma cells. (a) Representative flow-cytometric profiles of phospho-histone H2A.X (pH2A.x) expres-
sion in GBM-6 cells after 24 h treatment with 10 µM Si306 and pro-Si306 (upper panel). The histogram
shows mean fluorescence intensity obtained by flow-cytometric detection of cells immunolabeled
with pH2A.x antibody (middle panel). Values are expressed as mean ± SEM. Statistical significance
between treated and control group is shown as *** (p < 0.001). Representative fluorescent micrographs
of GBM-6 cells labeled with phospho-histone H2A.X antibody (red) and hoechst 33342 (blue) after
24 h treatment with 10 µM Si306 and pro-Si306 (bottom panel). Scale bar = 100 µm. (b) Cell death
in GBM-6 cells was evaluated by AV/PI staining after 72 h treatment with 10 µM Si306, pro-Si306
and dasatinib. Representative flow-cytometric profiles of AV/PI stained cells for each condition are
presented (upper panel). AV fluorescence was read on the FL1 green channel and PI fluorescence
was read on the FL2 red channel. The histogram shows the percentage of viable (AV− PI−), early
apoptotic (AV+ PI−), late apoptotic (AV+ PI+) and necrotic (AV− PI+) cells after treatment (bottom
panel). (c) β-galactosidase activity in GBM-6 cells was evaluated by flow-cytometric measurement of
FDG fluorescence after 48 h treatment with 10 µM Si306 and pro-Si306. Percentages in the representa-
tive flow-cytometric profiles show the number of senescent cells. The region of interest (green) was
set to include approximately 20% of FDG-positive cells in the control group.

4. Discussion

Herein, we report the ability of two Src tyrosine kinase inhibitors to induce oxida-
tive stress and cell death in glioblastoma cells. The effects of pyrazolo[3,4-d]pyrimidine
derivative Si306 and its prodrug pro-Si306 on the induction of oxidative stress in human
glioblastoma was evaluated in the U87 cell line and patient-derived GBM-6 cells. The
reported findings present an addition to our previous studies, which demonstrated various
effects of these compounds on glioblastoma in vitro and in vivo [22,25].

Cellular ROS and RNS levels may significantly affect the cancer response to therapy.
The importance of ROS and RNS signaling in cancer is demonstrated by the development of
new therapeutics that target the production of reactive oxygen species and nitrogen species,
such as tyrosine kinase inhibitors and monoclonal antibodies [31]. Clinically relevant
tyrosine kinase inhibitors such as afatinib [32], erlotinib [33], axitinib, imatinib [34] and
numerous others have been reported to disrupt the redox homeostasis [31]. These receptor-
targeted therapeutics have been shown to increase the oxidative stress in cancer cells up
to a level that overpowers their antioxidant capacity. Excessive accumulation of ROS can
lead to lipid peroxidation, protein oxidation, enzyme inactivation and oxidative DNA
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damage [35]. At the same time, ROS production has been shown to affect the mitochondrial
membrane potential and permeability [36]. Mitochondria are the most important source of
ROS, as their increased production can induce necrosis [37] and senescence [38]. Our results
showed that Si306 and its prodrug caused oxidative stress in primary GBM-6 and U87 cells
via increased O2

− production. It is important to highlight that oxidative stress triggered by
Src tyrosine kinase inhibitors was considerably greater in primary GBM cells. In the U87
cell line, Si306 and pro-Si306 treatments were also accompanied by the generation of H2O2
and ONOO−. In line with other Src tyrosine kinase inhibitors shown to increase oxidative
stress [15], the changes in ROS and RNS levels detected in Si306- and pro-Si306-treated
GBM cells after 24 h are likely connected to inhibition of the Src pathway. As we previously
reported, the 24 h treatment with these compounds significantly reduced Src activity in
GBM-6 and U87 cells [25].

The elevated levels of ROS and RNS frequently activate signaling pathways that regu-
late the expression of antioxidant enzymes. SOD enzymes control the levels of ROS and
RNS and as a result limit their potential toxicity and control numerous cellular processes
regulated by their signaling functions. The Cu/Zn SOD (SOD1) is the cytoplasmic isoform
but has also been found in lysosomes, peroxisomes, the nucleus and the mitochondrial in-
termembrane space, while the Mn SOD (SOD2) is localized in the mitochondrial matrix [39].
Since superoxide dismutase enzymes catalyze the conversion of superoxide anion into
oxygen and hydrogen peroxide [39], the difference between detected reactive oxygen and
nitrogen species in primary GBM cells and U87 cells after 24 h of treatment is likely due to
the different amounts and activity of these enzymes. Specifically, the low amount of hydro-
gen peroxide detected in GBM-6 cells could be the consequence of a slower conversion from
superoxide anions by the SOD enzymes. SOD1 and SOD2, more abundantly expressed
in U87 cells, efficiently and more promptly converted the excess ROS generated by the
Si306 and pro-Si306 treatments, resulting in more accumulated RNS compared to GBM-6
cells. Considering that GBM-6 cells have low basal expression of antioxidant enzymes, the
expression of SOD1 and SOD2 in these cells increased in order to scavenge the excess ROS
and minimize oxidative damage resulting from Si306 and pro-Si306 treatment.

To survive, cancer cells are under continuous pressure to sustain a balance between
ROS levels and the response to oxidative stress [40]. In highly heterogeneous GBM tumors,
different tumor cells survive a wide range of oxygen concentrations in their surroundings
and adapt to their microenvironment through different mechanisms [40]. However, IDH1-
mutated secondary GBMs are characterized by high oxidative burden and low antioxidative
capacity [41–44], which makes them vulnerable to agents that increase ROS levels, such
as Src tyrosine kinase inhibitors. High heterogeneity of GBM-6 cells regarding their ROS
content reflects heterogeneity of cellular antioxidative capacity, which likely contributes to
their strong sensitivity to Si306 and pro-Si306.

Treatments with Src tyrosine kinase inhibitors destabilized mitochondria and influ-
enced mitochondrial membrane potential in GBM-6 and U87 cells. Changes in mitochon-
drial membrane potential in treated GBM cells could be related to higher O2

− levels, since
the production of this anion can alter the permeability of the inner membrane of the mito-
chondria, causing mitochondrial membrane permeability transition [45]. Consequently,
mitochondrial membrane permeability transition leads to loss of proton gradient and block-
ade of ATP genesis via oxidative phosphorylation. As a result, the permanent opening of
the pores on the mitochondria contributes to the appearance of necrosis [46].

ROS and RNS can induce single- and double-stranded breaks on the DNA molecule,
which frequently lead to cell death [47,48]. The phosphorylated form of histone H2A.X is
often found at the site of DNA molecule repair and represents a marker of DNA damage.
As revealed by phosphorylated histone H2A.X analysis, Si306 and pro-Si306 caused evident
DNA damage in primary glioblastoma. A study showed that TK inhibitor axitinib induced
double-stranded breaks on the DNA molecule, which caused cell cycle interruption and
induction of senescence that ultimately led to necrosis [49]. Considering that Si306 and
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pro-Si306 cause DNA damage, it is possible that these TK inhibitors exert their effect in a
similar manner.

We observed that Si306 and pro-Si306 led to necrosis in patient-derived cell culture.
Furthermore, pro-Si306 showed higher efficacy compared to the parent drug. Glioblastoma
is characterized by the presence of a necrotic core with hypoxic conditions [50]. These
conditions promote the invasion of cells into healthy surrounding tissue with sufficient
nutrients and oxygen. In this context, necrosis has a positive effect on the progression of
glioblastoma. However, treatment of glioblastoma cells with Src tyrosine kinase inhibitors
induced necrosis preceded by cellular senescence. Cellular senescence is characterized by
several structural and functional features, including loss of mitotic activity, which lead
to the interruption of cell division and eventually necrosis. Several anticancer drugs that
target senescence are already in clinical trials [38]. An earlier study of the tyrosine kinase
inhibitor axitinib’s effects on glioblastoma cells showed a similar mechanism of anticancer
activity [49], suggesting that treatment-induced necrosis is a favorable outcome and that
induction of senescence preceding necrosis could represent a potential strategy in the fight
against glioblastoma. It is important to highlight that patient-derived GBM-6 cells proved
to be highly prone to senescence and necrosis after treatment with Si306 and its prodrug.
Therefore, necrosis induced by Si306 and pro-Si306 is an encouraging result in terms of
glioblastoma treatment.

5. Conclusions

The overall results of this study suggest that the mechanism of action of the new
pyrazolo[3,4-d]pyrimidine derivative Si306 and its prodrug is the induction of senescence
and necrosis due to ROS production and DNA damage, in addition to the already demon-
strated anti-invasive effects in vitro and in vivo [25]. It is noteworthy that pro-Si306 showed
similar or greater efficacy compared to its parent drug, which is a rare feature. Although
the effect of Si306 and pro-Si306 on necrotic cell death induction in primary glioblastoma
was similar to dasatinib, the advantage of Si306 and its prodrug over dasatinib is their more
favorable pharmacokinetic profile [22]. The anti-glioblastoma effects of Si306 and pro-Si306
demonstrated in this study, as well as previously obtained results in vitro and in vivo, par-
ticularly the ability of these TK inhibitors to cross the blood–brain barrier, give prospects
for clinical trials of these compounds as potential candidates for glioblastoma therapy. The
particularly strong efficacy of Si306 and pro-Si306 in patient-derived glioblastoma culture
implies a promising translational potential for these novel Src tyrosine kinase inhibitors.
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