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ARTICLE INFO ABSTRACT

Keywords: Glioblastoma (GBM) is the most frequent and aggressive brain tumor in adults and the current treatments only
Bozepinib have a modest effect on patient survival. Recent studies show that bozepinib (BZP), a purine derivative, has
glioblastoma potential applications in cancer treatment. The aim of this study was to evaluate the effect of BZP against GBM
apo,ptOSlf cells, specially concerning the purinergic system. Thus, GBM cells (C6 and U138 cell lines) were treated with BZP
g;r;gerglc system and cell viability, cell cycle, and annexin/PI assays, and active caspase-3 measurements were carried out. Be-

sides, the effect of BZP over the purinergic system was also evaluated in silico and in vitro. Finally, we evaluate the
action of BZP against important markers related to cancer progression, such as Akt, NF-kB, and CD133. We
demonstrate here that BZP reduces GBM cell viability (ICso = 5.7 + 0.3 uM and 12.7 + 1.5 uM, in C6 and U138
cells, respectively), inducing cell death through caspase-dependent apoptosis, autophagosome formation, acti-
vation of NF-kB, without any change in cell cycle progression or on the Akt pathway. Also, BZP modulates the
purinergic system, inducing an increase in CD39 enzyme expression and activity, while inhibiting CD73 activity
and adenosine formation, without altering CD73 enzyme expression. Curiously, one cycle of treatment resulted
in enrichment of GBM cells expressing NF-xB and CD133", suggesting resistant cells selection. However, after
another treatment round, the resistant cells were eliminated. Altogether, BZP presented in vitro anti-glioma
activity, encouraging further in vivo studies in order to better understand its mechanism of action.

1. Introduction

Gliomas are the most frequent brain tumors in adults, accounting for
about 26% of all primary brain and other central nervous system (CNS)
tumors and 81% of malignant tumors in the United States (Ostrom et al.,
2019). More than half of diagnosed gliomas are glioblastomas (GBMs);
accounted for 14.6% of all primary CNS tumors and 48.3% of primary
malignant brain tumors (Barnholtz-Sloan et al., 2018; Ostrom et al.,
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2019). Current standard therapy for GBM, referred to as the ‘Stupp
protocol’ (Stupp et al., 2005; Mutter and Stupp, 2006), includes
maximal safe surgical resection followed by radio- and chemotherapy,
the latter with the alkylating agent Temozolomide (TMZ, Temodal®).
Although TMZ chemotherapy improves the median survival of patients
from 12.1 to 14.6 months (Zhu et al., 2017; Herbener et al., 2020; Yan
et al., 2020), 90% of recurrent GBM are insensitive to repeatitive TMZ
treatment due to tumor-developed chemoresistance (Wijaya et al., 2017;
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Fig. 1. BZP induces cell death by apoptosis, with activation of caspase-3 and formation of AVO, without interference in the cell cycle progression. GBM
cells were treated with BZP (2.5 uM/5 uM for C6 cell lines and 5 uM/10 uM for U138 cell lines) for 24 h. (a) BZP (b) Images of C6 cells under microscope (scale bar,
100 pm; magnification, x100). (c) Images of U138 cells under microscope (scale bar, 100 pm; magnification, x100). (d) AVO, represented as % of cells in C6 cells. (e)
Histogram and quantitative cell cycle analysis in C6 cells. (f) AVO, represented as % of cells in U138 cells. (g) Histogram and quantitative cell cycle analysis in U138
cells. (h) Histogram and quantitative Active Caspase-3 immunocontent analysis in C6 cells. (i) Dot-plot (Q1 = early apoptosis, Q2 = late apoptosis, Q3 = necrosis and
Q4 = viable cells) and quantitative analysis of apoptosis in C6 cells. (j) Histogram and quantitative Active Caspase-3 immunocontent analysis in U138 cells. (k) Dot-
plot (Q1 = early apoptosis, Q2 = late apoptosis, Q3 = necrosis and Q4 = viable cells) and quantitative analysis of apoptosis in U138 cells. Data are presented as mean

=+ S.D. of three independent experiments. (*p<0.05 **p<0.01 *** p<0.001).

Azambuja et al, 2020). Considering this scenario, the development of
new therapeutic strategies and related drugs is urgently needed to
substantially improve the prognosis of GBM patients.

Bozepinib (BZP), (RS)-2,6-dichloro-9-[1-(p-nitrobenzenesulfonyl)-
1,2,3,5-tetrahydro -4,1-benzoxazepin-3-yl]-9H-purine (Fig. la), is a
potent research compound for the treatment of cancer. BZP induces cell
death in vitro by apoptosis by modulating the PKR protein kinase, which
has been shown to be its biological target and involved in the apoptosis
of breast and colon cancer cells (Marchal et al., 2013). In addition, BZP is
also able to specifically inhibit HER2, JNK and ERKs, while induces the
downregulation of genes involved in the formation of cancer stem cells
(CSCs), cells responsible for metastasis and tumor resistance to con-
ventional therapies (Ramirez et al., 2014). The CSCs play an important
role in the development of chemo and radiotherapy resistance and are
primarily responsible for GBM recurrence after initial therapy. Hence
new therapeutic approaches that are effective in eliminating glioma
stem cells (GSCs) are urgently needed (Yamada and Nakano, 2012;
Uribe et al., 2017). In vivo, BZP showed interesting antiproliferative
results in breast cancer without presenting detectable toxicity to the
liver, kidneys or systemic damage. (Ramirez et al., 2014). The antitumor
and antimetastatic effect and the non-systemic toxicity of BZP described
in the work of Ramirez et al. (2014), encouraged further studies on the
therapeutic potential of this novel synthetic compound against cancer.
Based on these results, BZP becomes an interesting alternative for
research against GBM, since this potential compound may prove to be
effective against some resistance mechanisms observed in GBM treated
with conventional therapies. In addition, once BZP is derived from a
purine, it became an interesting candidate for purinergic system
investigation.

The purinergic system is known for its important role in various
biological processes (Burnstock and Knight, 2004). Purinergic signaling
is composed of ectoenzymes and receptors that are responsible for
interaction with extracellular nucleoside and nucleotides derived from
purines (Zimmermann, 2001; Burnstock and Knight, 2004; Robson et al.,
2006). These extracellular molecules modulate a variety of biological
processes via activation of purinergic receptors, controlled by ectonu-
cleotidases, such as E-NTPDasel (CD39) and ecto-5'-nucleotidase
(CD73), which is an integrated way to hydrolyze ATP into adenosine
(Zimmermann, 2001; Robson et al., 2006). Several studies have
demonstrated the purinergic system is closely involved with the pro-
gression of gliomas, both in vitro and in vivo (Braganhol et al., 2009;
Ledur et al., 2012; Allard et al., 2019). It has already been described that
GBM, compared to astrocytes, can not efficiently hydrolyze ATP and
ADP due to low expression of CD39, while exhibiting high expression of
CD73, presenting high AMP hydrolysis, both in human and rat GBM cells
(Wink et al., 2003). This results in different stimuli over the purinergic
receptors and, consequently, leads to a pro-tumor environment, mainly
mediated by adenosine (Wink et al., 2003; Xu et al. 2013; Allard et al.,
2019). The aim of this study was to evaluate the effect of BZP against
GBM cells, specially concerning the purinergic system.

2. Materials and methods
2.1. Maintenance of cell lines, drugs and treatment

C6 rat glioma cell line, U138 human glioma cell line and MRC-5
human embryonal lung fibroblast cell line were obtained from

American Type Culture Collection (ATCC, USA) and maintained in
DMEM, containing 0.5 U/ml penicillin/streptomycin and supplemented
with 5% or 10% FBS. Cell lines were kept at 37°C, in a humidified at-
mosphere of 95% air and 5% CO,. BZP was dissolved in DMSO and
stored at -20°C. For the cell viability assay, cells were seeded in 96-well
plates (5 x 10%, 7.5 x 10 and 15 x 102 cells/well, for C6, U138, and
MRC-5, respectively) and allowed to grow until semi-confluence, GBM
cells were treated with 0.1 to 25 uM and MRC-5 cells were treated with 1
to 300 uM of BZP for 24 h, 48 h and 72 h, according to assay. GBM cells
were treated with 0.1 to 2000 uM of adenosine 5'-(a,f-methylene)
diphosphate (AMPCP), quercetin or BZP for 24 h, 48 h and 72 h. For all
other experiments, GBM cells were seeded in 24-well plates (20 x 10°
and 30 x 10 cells/well, for C6 and U138, respectively) and grown to
semi-confluence. After, the cells were treated with BZP (2.5 and 5 uM for
C6 cell lines, and 5 and 10 uM for U138 cells, respectively), for 24 h. The
ICys and ICsq values were determined by four theoretical equation based
on the viability assay. For AMP hydrolysis assay at different times, C6
cells were seeded in 24-well plates (40 x 103, 20 x 103 and 10 x 103)
and treated with 1.0 to 100 uM of AMPCP, quercetin or BZP. For the pre-
incubation assay, cells were treated with ICsg values (AMPCP: 700 uM,
quercetin: 500 pM and BZP: 5 uM; AMPCP: 1000 pM, quercetin: 100 uM
and BZP: 2.5 uM; AMPCP: 1000 uM, quercetin: 40 uM and BZP: 0.5 pM),
for 24 h, 48 h and 72 h, respectively.

2.2. Cell viability assay

After treatment described above, MTS (3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxy phenyl)-2-(4-sulfophenyl)-2H-tetrazolium) or
MTT (3-(4,5-Dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide)
were performed. For analysis by the MTS method, 20 pL was added
directly to each well and incubated for 2h at 37°C and 5% CO,. After, it
was analyzed at 490 nm in a plate reader (Spectramax M5, Molecular
Devices, USA). For MTT method, cells were washed twice with PBS and
10 pL MTT diluted in DMEM (5 mg/mL, 100 pL) were added to each
well. The cells were incubated for 2h and the absorbance was read at
570-630 nm by plate reader (Spectramax M5, Molecular Devices, USA).

2.3. Cell Cycle, Annexin V-APC/PI and Acridine Orange Staining

For cell cycle analysis, cells were stained with solution containing
0.5mM Tris-HCI (pH 7.6), 3.5mM trisodium citrate, 0.1% NP40 (v/v),
100pg/mL RNAse and 50ug/mL propidium iodide (PI) (10° cells/mL).
For annexin analysis, cells were suspended in buffer containing Annexin
V-APC and PI. For acridine orange (AO) staining, cells were incubated
with AO (1pg/mL). At the end of the respective staining, cells were
incubated for 15 minutes in the dark and data was collected using flow
cytometry (Accuri, BD Biosciences, USA) (Figueiro et al., 2014). The
results were analyzed using FlowJo® software (USA).

2.4. Active Caspase-3 immunocontent

We verified active caspase-3 immunocontent according to manu-
facturer’s protocol (PE Active Caspase-3 kit, cat. 550914, BD Bio-
sciences, USA). Briefly, cells were suspended in BD Cytofix/Cytoperm™
solution and incubated for 20min on ice. After, cells were washed with
BD Perm/Wash™ buffer (1x) and incubated with active caspase-3
antibody for 30min at room temperature and then analyzed by flow
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cytometry (Accuri, BD Biosciences, USA). The results were analyzed
using FlowJo® software (USA).

2.5. Molecular docking

The three-dimensional structure of the CD73 enzyme was obtained
from Protein Data Bank server and was prepared using Dock Prep
module of the Chimera program. The structure chosen for the docking
studies was the closed crystalline form III, complexed with AMPCP with
resolution of 2.0A (PDB ID: 4H2I). The water molecules of the model
were removed, hydrogens added according to physiological pH and the
atomic charges were assigned to the system using AMBER99SB force
field. After, the receptor file was saved in MOL2 format. AMPCP and
quercetin were obtained through the ChemSpider server (http://www.
chemspider.com/) in MOL format. BZP was designed using CORINA
Classic server (https://www.mn-am.com/online_demos/corina_demo_in
teractive) and downloaded in MOL format. Previously, the ligands were
prepared using the Open Babel package (http://openbabel.org). Hy-
drogens were added according to pH 7.4 and minimized using the
Obminimize module with the MMFF94 force field and 2500 steps. The
ligands atomic charges were assigned using AM1-BCC charge method.
AMPCP’s charge was assigned to -2. BZP’s and quercetin’s charges were
assigned to 0. The ligands were converted to MOL2 format. For the
molecular docking DOCK 6.7 program and its modules were used
(Kuntz et al., 1982; Ferrin, et al., 1988; Meng et al., 1992; Shoichet et al.,
1992; Ewing et al., 2001). Two scoring functions were used for molec-
ular coupling studies: Grid Score and Hawkins GB/SA (MM-GB/SA).
Analyses of the root-mean-square deviations (RMSD) with respect to
reference structures, in a redocking routine, were carried out with fconv
(Neudert and Klebe, 2011). For the study of the receptor-ligand in-
teractions, we evaluated the connections between the binding site of
CD73 and the predicted best pose of the docked compounds. It is un-
derstood as pose, the ensemble of information related to the position,
orientation and conformation adopted by the ligand when influenced by
the interaction forces of the amino acid residues. For this study the
Receiver-Ligand Interactions module of the Discovery Studio 2017
R2-BIOVIA® program was used.

2.6. CD39 and CD73 immunocontent

For the determination of the CD39 and CD73 protein expression, at
the end of treatments, cells were washed with 2% FBS, trypsinized and
centrifuged twice at 400xg for 6 min. Next, cells were stained with
Polyclonal rabbit anti-rat NTPDasel/CD39 (cat. rN1-6L, J. Sevigny’s
research lab, CA); APC mouse anti-human CD39 (cat. 560239, BD Bio-
sciences, USA); Polyclonal rabbit anti-rat ecto-5’-Nucleotidase/CD73
(cat. rNu-9L, J. Sevigny’s research lab, CA); PE mouse anti-human CD73
(cat. 550257, BD Biosciences, USA) for 30 min on ice and then washed
twice. After the last wash, if necessary, the cells were incubated with
secondary antibody (Ab) (Alexa Fluor® 633 goat anti-rabbit IgG (cat. A-
21070, Invitrogen, USA) for 30 min in the dark and analyzed by flow
cytometry (FACSCalibur, BD Biosciences, USA). The results were
analyzed using FlowJo® software (USA). A secondary antibody or iso-
type control was used as a non-specific binding control.

2.7. Purinergic enzymatic assays

2.7.1. Enzymatic assay

In brief, cells were maintained in a water bath at 37°C and washed
with incubation medium (2 mM CaCl, or 2 mM MgCl,, 120 mM NaCl, 5
mM KCl, 10 mM glucose, and 20 mM Hepes buffer, pH 7.4). The enzy-
matic reaction was initiated by addition of 200 pL of incubation medium
containing 1 mM ATP, 1 mM ADP or 2 mM AMP. For the pre-incubation
assay, C6 cells were previously treated with 1 to 100 pM of AMPCP,
quercetin and BZP for 10 min. Cells were incubated for 10-min (AMP) or
30-min (ATP and ADP) and the reaction was stopped placing 150 pL of
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the supernatant in tubes containing ice-cold trichloroacetic acid (5% w/
v). The release of inorganic phosphate was measured using malachite
green method (Chan et al., 1986). The protein concentration was
quantified by Coomassie blue method (Bradford, 1976), using bovine
serum albumin as control. The specific activity was expressed in nano-
moles of Pi released per minute per milligram of protein.

2.7.2. Recombinant human CD73 assay

Recombinant his-tagged human CD73 (final concentration: 0.005 pg;
cat. SRP0570, Sigma-Aldrich, USA) was incubated with 100 uM AMP, in
incubation medium (2 mM MgCl,, 120 mM NaCl, 5 mM KCl, 10 mM
glucose, and 20 mM Hepes buffer, pH 7.4) and different concentrations
of AMPCP, quercetin and BZP (1 to 500 uM) for 25 minutes in 96-well
plates. The enzymatic reaction was stopped by addition of 170 pL of
malachite green (Chan et al., 1986). The specific activity was expressed
as micromoles of Pi released per minute per milligram of protein.

2.7.3. ATP metabolism assay

Cells were maintained in a water bath at 37°C and washed with in-
cubation medium, as previously described. The enzymatic reaction was
initiated by addition of 200 pL of incubation medium containing 100 pM
ATP. Cells were incubated for 15-, 30- and 45-min and the reaction was
stopped by transferring 150 pL of the supernatant to tubes previously
placed on ice. Afterwards, the tubes were centrifuged at 16,000 xg for
30 min at 4°C, and 20 pL aliquots were analyzed by high-pressure liquid
chromatography (HPLC) (Shimadzu, Japan) using a C18 column
(Gemini C18, 25cm x 4.6mm x 5pm; Phenomenex, USA). The elution
was carried out applying a linear gradient from 100% solvent A (60 mM
KHyPO4 and 5 mM tetrabutylammonium chloride, pH 6.0) to 100%
solvent B (solvent A plus 30 % methanol) for 30 minutes (at a flow rate
of 1.4 mL/min) according to a method described previously and already
established by our research group (Voelter et al., 1980; Figueiro et al.,
2016). The amount of purines was measured by absorption at 254 nm.
Purines standards were used to evaluate the retention time of each
compound separately allowing the identification and quantification.
The protein concentration was quantified with Coomassie blue method,
using bovine serum albumin as control. Purine concentrations (AMP and
adenosine) are expressed as nanomoles of products per minute per
milligram of protein.

2.8. Akt, NF-xB and CD133 immunocontent

In brief, after treatments, cells were washed with PBS, trypsinized
and centrifuged twice at 400xg for 6min with FBS 2%. For Akt and NF-
kB immunocontent, cells were incubated with BD Phosflow™ Fix Buffer
I for 10min at 37°C. Then, cells were incubated with BD Phosflow™
Perm Buffer III for 30min on ice. Then, for Akt, NF-xB and CD133
immunocontent, cells were stained with PE Mouse anti-Akt (cat.
558275, BD Biosciences, USA), PE Mouse anti-NF-kB p65 (cat. 558423,
BD Biosciences, USA), Rabbit polyclonal anti-CD133 (cat. Ab19898,
Abcam, USA) plus Alexa Fluor® 633 goat anti-rabbit IgG (cat. A-21070,
Invitrogen, USA) antibodies and incubated for 30min in the dark, plus
30 min incubation for specific secondary antibody to primary Ab anti-
CD133, and analyzed by flow cytometry (FACSCalibur, BD Bio-
sciences, USA). Results were analyzed using FlowJo® software (USA).

2.9. Invitro recovery assay

After treatment with 5 pM and 10 pM, for C6 and U138, respectively,
for 24h, cells were washed with PBS, trypsinized and Trypan Blue dye
solution (0.1%) was added. The count of viable cells was immediately
performed with a Neubauer chamber. Afterward, the remaining cells
were reseeded according to the number of viable cells in the well treated
with BZP (limiting value), normalizing control and treatments with the
same number of cells. We allowed the growth until semi-confluence and
subsequently, the cells were again treated with BZP with the
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Table 1

ICs¢ values of BZP in cell lines and in vitro SI
Cell lines ICs0 (uM) £ SD SI
C6 5.7+ 0.3 35
U138 12.7 £ 1.5 15
MRC-5 197.7 £+ 9.5 *** NA

GBM cells were treated with 0.1 to 25 pM of BZP for 24h. MRC-5 cells were
treated with 1 to 300 pM of BZP for 24h. Cell viability was determined by MTS
assay. SI values were calculated from the ICsq value of the MRC-5 / I¢so value of

GBM cells. Data are means + S.D. of four independent experiments, *** p<
0.001. SI = selectivity index. NA = not applicable.

abovementioned protocol was repeated until death of the resistant cells.

2.10. Statistical analysis

Data were analyzed for statistical significance by one-way analysis of
variance (ANOVA), followed by Tukey post-test using GraphPad Prism
software®. Data are expressed as the mean + S.D. Differences were
considered significant when p <0.05.

3. Results and discussion
3.1. BZP reduces cell viability with great selectivity index

Firstly, we determined the effects of BZP in GBM and MRC-5 cells
viability to estimate the half-maximum inhibitory concentration (ICs).
BZP was able to reduce the percentage of GBM cells with relatively low
ICsp values (Table 1 and representative pictures of GBM cells after BZP
treatment in Figs. 1b and 1c), when compared to other studies that show
extremely high IC50 values for TMZ, standard therapy for GBM, with the
same cells (~ 500 pM to 1000 pM) (Ryu et al., 2012; Lee, 2016; Li et al.,
2017; Towner et al., 2019). In addition, we evaluated the toxicity of BZP
for MRC-5 non-tumoral cells, resulting in ICs¢ value 35-fold and 15-fold
greater than for C6 and U138, respectively. This shows a selective action
of this compound in vitro, usually expressed with selectivity index (SI,
defined herein as the ratio between ICsy of MRC-5 cells / IC5y of GBM
cells) (Table 1). According to previously published papers, a value
greater than or equal to 3.0 is considered an interesting SI (Bézivin et al.,
2003; Chothiphirat et al., 2019; Andrade et al., 2020), and values above
10.0 are considered highly selective for cancer cells (Quispe et al., 2006;
Pena-Moran et al., 2016).

3.2. BZP induces autophagy and apoptosis without interfering with cell
cycle progression

Next, we evaluated the interference of BZP on autophagy, apoptosis,
and cell cycle progression. Compounds that induce additional or alter-
native mechanisms of cell death are very useful in cancer therapy,
among them; autophagy is a highly regulated process involved in the
degradation of intracellular components by autophagosomes that can be
degraded or used to feed metabolic pathways (White et al., 2010; Levy
et al., 2017). Thus, we observed that BZP significantly induces the for-
mation of acid vesicle organelles (AVO), as an indication of autophagy
(Mizushima et al., 2010; Klionsky et al., 2016; Yang et al., 2020; Lee
et al., 2020), at 2.5 pM in C6 cells, about 3-fold greater than the DMSO
control (p = 0.0055) (Fig. 1d) and at two concentrations in U138 cells,
showing also approximately 3-fold more AVO at the highest concen-
tration tested, compared to the DMSO control (p = 0.0495 and p =
0.0015, for 5 pM and 10 pM, respectively) (Fig. 1f). In cancer, autophagy
plays a dichotomous role, being able to suppress tumor growth by cell
death or to promote cell growth, contributing to cancer resistance and
malignancy (White, 2015; Liu et al., 2017; Onorati et al., 2018).
Although it is the target of many studies, the mechanisms underlying
these opposite effects, pro or anticancer, induced by autophagy are not

Table 2
Docking results
Structure Compound  MM-GB/SA Grid Score
(Kcal/mol) (Kcal/mol)
NH2 AMPCP -119,546 -142,568
H
NN
A
N N
OH
HO_0
p\/ OH
(o
Ho-R=C
OH
N02 BZP -52,388 -55,035
@] :§ =0
N=\ N
NO@
cl \KE( o)
N N
Cl
-31,24 -43,837

OH  quercetin
o 1)
OH

OH O

For the molecular docking were used DOCK 6.7 program and two scoring
functions were used for molecular coupling studies: A Grid Score and MM-GB/
SA.

yet fully elucidated (Levy et al., 2017; Liu et al., 2017; Russo and Russo,
2018; Onorati et al., 2018; Poillet-Peres and White, 2019; Kocaturk
et al., 2019).

Therefore, we evaluated the type of cell death induced by BZP
treatment staining the cells with Annexin V and PI solution followed by
flow cytometry analysis. BZP significantly induced apoptosis in C6 cells
(from 9% in DMSO to 36% at 2.5 pM and 62% at 5 pM, p = 0.0090 and p
= 0.0001, respectively) (Fig. 1i) and U138 cells also presented signifi-
cantly higher levels of apoptosis following BZP treatment (from 7% in
DMSO to 36% at 10 pM, p = 0.0002) (Fig. 1k). Apoptosis seems to be
mediated, at least partially, by active caspase-3 expression in C6 cells
and in U138 cells (Figs. 1h and 1j). Drugs that work in apoptotic path-
ways are promising anti-cancer therapeutic approaches, mainly the ones
which selectively induce apoptosis in malignant cells (Wong, 2011;
Pistritto et al., 2016; Xu et al.,, 2019). Thus, results suggest
caspase-3-dependent apoptosis is involved in cell death triggered by
BZP. Also, BZP treatment does not show any significant change in cell
cycle progression, only an accumulation of sub-G1 phase in C6 cells
(Figs. 1e and 1g), corroborating apoptosis induction. These results are in
agreement with a previously published study with BZP in breast and
colon cancer cells (Marchal et al., 2013; Ramirez et al., 2014).

3.3. BZP-CD73 interaction in silico indicates possible enzyme inhibition

Since BZP has a purine in its structure (Fig. 1a), our next step was to
investigate the interaction of this compound with the purinergic system.
Firstly, we analyzed a possible interaction, in silico, of BZP with the
CD73 enzyme, widely expressed in glioma cells (Cappellari et al., 2012;
Allard et al., 2019; Cerute and Abbrachio, 2020). The docking study
(Table 2) showed that BZP interacts energetically with the CD73, as do
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Fig. 2. CD73 and the main interactions with (a) BZP, (b) AMPCP and (c) quercetin.
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Table 3
ICso values of AMPCP, quercetin and BZP in cell lines at different treatment
times

Compound  ICsg (uM) + SD
C6 cells 24h C6 cells 48h C6 cells 72h U138 cells 24h
AMPCP 657.20 + >1000 > 1000 >2000
69.56
quercetin 459.29 + 95.94 + 41.99 + 758.21 +
49.37 10.74 13.38 226.51
BZP 5.61 + 0.46 2.45 + 0.20 0.52 + 0.07 10.06 + 2.35

GBM cells were treated with 0.1 to 2000 pM of AMPCP, quercetin and BZP for
24h, 48h and 72h. Cell viability was determined by MTT assay. Data are means
+ S.D. of four independent experiments.

classical inhibitors of this enzyme, AMPCP and quercetin (Braganhol
et al., 2007; Rockenbach et al., 2013; Adamiak et al., 2019; Geraghty
et al., 2019). In both MM-GB/SA and Grid scores, BZP showed more
favorable interactions to this enzyme than quercetin (2-fold stronger -
according to MM-GBSA) and less than AMPCP. Concerning the inter-
action between receptor-ligand, the Discovery Studio program showed
that the major interactions between BZP and CD73 enzyme were
Pi-cation interactions with residues Arg395, Pi-anion interactions with
residues Asp506 and Glul80, Pi-Pi stacking interactions with Phe500
and conventional hydrogen bond interactions with Asn390 and Ser244
(Fig. 2a). Unlike expected, the BZP purine moiety was not located be-
tween Phe417 and Phe500, possibly due to its two coupled chlorine
atoms. However, quercetin’s dihydroxyphenyl moiety shows a hydrogen
bond with Asn390 and Pi-Pi Stacking interactions with Phe417 and
Phe500. Other hydrogen interactions occur in the quercetin
chromen-4-one moiety with Arg354, Asp506 and His243 residues
(Fig. 2c). The interaction of BZP with CD73 is more favorable than
quercetin, probably because BZP carries out a hydrogen bond and two
more electrostatic interactions than quercetin. In other hand, purine
AMPCP portion shows Pi-Pi Stacking interactions with Phe417 and
Phe500. There are two hydrogen bonds in the ribose portion with
Asp506 and Asn390. In addition, AMPCP phosphate group shows a
stronger electrostatic interaction with Arg395 and hydrogen bonds with
Arg354 and Asn245 (Fig. 2b). These AMPCP phosphate group electro-
static interactions make the AMPCP-CD73 more favorable than
BZP-CD73. The redocking validation showed that the parameters used
for the molecular coupling assay were satisfactory (RMSD=2.503A-ex-
cluding hydrogen atoms), since the greatest RMSD value contribution is
given by the phosphate-carbon-phosphate moiety (Ramirez and Cabal-
lero, 2018).

3.4. BZP differently changes the expression and activity of CD39 and
CD73 enzymes

In order to compare the effect of the studied compounds after mo-
lecular docking, we evaluated the cell viability in GBM cell lines at
different times after treatments with BZP, AMPCP or quercetin. BZP
proved to be more effective in reducing cell viability with relatively low
ICsp values when compared to AMPCP and quercetin, and this was
maintained after 24h, 48h and 72h of treatment (Table 3). Some studies
have already shown that the inhibitory effect of quercetin in GBM cell
lines is dose and time-dependent and closely related to what we
described here (Zhou et al., 2006; Braganhol et al., 2006; Kim et al.,
2008; Tavana et al., 2020). In addition, we evaluated AMP hydrolysis
after treatment with AMPCP, quercetin and BZP. In 24 h only BZP
treatment was able to reduce AMP hydrolysis to about 50% (p < 0.001)
in C6 cell line (Fig 3a). In 48 h, both AMPCP and BZP reduced the AMP
hydrolysis, by approximately 3-fold (p < 0.001) when compared to the
control (Fig. 3b). Further, in 72 h, all compounds were able to reduce
AMP hydrolysis in C6 cell line, approximately 66% (with 1000 uM), 63%
(with 40 uM) and 48% (with 0.5 uM) for AMPCP, quercetin and BZP,
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respectively, p < 0.001 (Fig. 3c). Then, we decided to assay the com-
pounds in a short-term experiment. After 10 min of cells’ pre-incubation
with AMPCP, BZP and quercetin, only AMPCP was able to reduce
significantly AMP hydrolysis, showing how fast this classical compound
can inhibit the CD73 enzyme (Fig 3d). In U138 cell line, both AMPCP
and BZP were able to reduce the AMP hydrolysis within 24 hours after
treatment (p < 0.001), approximately 30% and 50%, respectively,
(Fig. 3e). When tested in the recombinant CD73, AMPCP inhibits AMP
hydrolysis (p < 0.001) at greater extent than quercetin and BZP (Fig. 3f).
Quercetin had an intermediate inhibition capability on recombinant
CD73 (p < 0.01) significantly inhibiting starting at 10 pM (Fig. 3g). On
the other hand, BZP reduced the amount of AMP only at high concen-
trations (from 250 pM, p < 0.05) when compared to the other com-
pounds (Fig. 3h). Taken together, these results suggest that CD73
inhibition by BZP requires a membrane-anchored enzyme to be effective
with lower concentrations than quercetin and AMPCP for 24h, 48h, and
72h (Figs 3a-c and 3e). In contrast, CD73 inhibition by AMPCP is rela-
tively fast and can be effective on purified enzyme and on
membrane-anchored enzyme, as demonstrated in the pre-incubation
and recombinant CD73 assays (Figs. 3d and 3f). Quercetin, on the
other hand, requires a much longer treatment period and higher con-
centrations to be effective on membrane-anchored enzyme, but, as
AMPCP, can inhibit the purified CD73 enzyme (Figs. 3c and 3g).

Afterwards, in view of the encouraging results of BZP in GBM cells,
we measured the expression and activity in vitro of CD39 and CD73
enzymes. BZP was able to increase approximately 2- and 3-fold the
expression of CD39 enzyme in C6 cells and U138 cells, respectively
(Figs. 4a and 4b). On the other hand, BZP did not alter the expression of
CD73 enzyme in both cell lines under the tested conditions (Figs. 4c and
4d). Measuring the activity, we found that BZP was able to significantly
increase the hydrolysis of ATP and ADP in U138 cell line (Fig. 4f), while
significantly decreasing the hydrolysis of AMP in both cells by approx-
imately 50% (Figs. 4e and 4f). On the one hand, when we evaluated the
metabolism of ATP by HPLC, we found that treatment with BZP in-
creases the amount of extracellular AMP in C6 cells and U138 cells,
indicating the functionality of the enzyme CD39. On the other hand, BZP
reduced the adenosine formation by inhibiting CD73, approximately 3-
and 2-fold in C6 and U138, respectively, in all times tested (Figs. 4g and
4h). BZP treatment did not alter the concentrations of other purine
nucleotides and their metabolites when compared to the untreated
control (data not shown).

BZP inhibited AMP hydrolysis leading its accumulation, without any
change in CD73 expression, indicating a possible direct inhibition of this
enzyme. Overall, the modulation of CD39 and CD73 enzymes, caused by
BZP treatment, leads to a profile of expression and activity closer to
astrocytes since they exhibit high ATPase / ADPase activity and low
AMPase activity when compared to GBM cells (Wink et al. 2003).
Accordingly, we also found that BZP treatment significantly decreased
the formation of adenosine, explaining, at least partially, the cytotoxic
effect of BZP in GBM cells. It has been demonstrated that the accumu-
lation of adenosine by the action of CD73 favors tumor growth, metas-
tasis, angiogenesis, chemoresistance, and immunosuppression
(Braganhol et al., 2007; Antonioli et al., 2017).

3.5. BZP induces the activation of resistance pathways, however, several
treatment cycles are enough to eliminate resistant cells

In cancer development, cells acquire phenotypes of rapid prolifera-
tion, invasiveness, malignancy and metastasis formation. Several studies
have shown the participation of Akt and NF-xB proteins in cell prolif-
eration and survival, as well as the participation of CD133 in the ma-
lignancy and identification of CSCs population in different types of
cancer (Soeda et al., 2009; Bai et al., 2009; Yamada et al., 2012;
Holmberg et al., 2014; Kim et al., 2017; Brugnoli et al., 2019). In view of
this, we evaluated the phosphorylation of Akt, NF-xB and CD133 ex-
pressions. Our results showed that BZP did not interfere with Akt
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Fig. 3. Effects of AMPCP, quercetin and BZP on AMP hydrolysis in GBM cells and recombinant human CD73 enzyme. (a) AMP hydrolysis in C6 cells treated
with AMPCP: 700 uM, quercetin: 500 uM and BZP: 5 uM for 24h. (b) AMP hydrolysis in C6 cells treated with AMPCP: 1000 pM, quercetin: 100 uM and BZP: 2,5 uM for
48h. (c) AMP hydrolysis in C6 cells treated with AMPCP: 1000 uM, quercetin: 40 uM and BZP: 0,5 uM for 72h. (d) AMP hydrolysis in C6 cells pre-incubated for 10 min
with AMPCP: 1, 5 and 10 uM, quercetin: 10, 50 and 100 pM and BZP: 10, 50 and 100 puM. (e) AMP hydrolysis in U138 cells treated with AMPCP: 2000 pM, quercetin:
800 uM and BZP: 10 uM for 24h. (f) AMP hydrolysis in recombinant human CD73 enzyme treated with AMPCP: 1 to 10 uM. (g) AMP hydrolysis in recombinant
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phosphorylation, when compared to DMSO in both cell lines (Figs. 5a
and 5b). However, it was able to increase the phosphorylated p65 NF-kB
subunit in C6 cells, p = 0.0017 (Fig. 5¢), and in U138 cells, p = 0.0383
(Fig. 5d), indicating an activation of the NF-kB pathway in BZP-resistant
cells. Indeed, it is important to note that the protocol, previously
described in materials and methods, is quantifying only cells that were
still attached to the plate, which are mostly viable cells. The hypothesis
here is that the activation of the NF-xB pathway is being a tool for

resistant cells to survive and proliferate even after BZP treatment. The
association between NF-kB and CSCs is a target of studies in various
types of cancer, and in GBM the phosphorylation of the p65 subunit of
NF-kB is elevated in CD133™ cells, thus suggesting that NF-xB signaling
contributes directly for the maintenance of glioblastoma stem cells
(Rinkenbaugh et al., 2016; Kaltschmidt et al., 2019).

Currently, several studies suggest CD133 protein (also known as
prominin-1) as a marker of stem cells in normal and cancerous tissues
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(Holmberg et al., 2014; Brugnoli et al., 2019). In addition, cancerous
cells that have CD133" show greater chemoresistance (Soeda et al.,
2009; Kim et al., 2017). As shown in Fig. 5e-f, treatment with BZP for
24h significantly increased the percentage of CD133™ cells, from 11% in
DMSO to 33% in BZP 5 pM (p = 0.0013, C6 cells) and, from 7% in DMSO
to 49% in BZP 10 pM (p = 0.0112, U138 cells) (Figs. 5e and 5f) indi-
cating these cells are more resistant to BZP treatment. Next, we decided
to treat cells with different treatment cycles, quite common in chemo-
therapy, to analyze cellular resistance. Only two cycles at 5 uM and 10
uM for C6 and U138, respectively, were necessary to completely elimi-
nate all cells, including resistant CD133% / NF-kB activated cells
(Figs. 5g and 5h). This finding is very interesting since it has already
been demonstrated that BZP is able to act selectively on resistant cells,
mainly in CSCs (Ramirez et al., 2014).

4. Conclusions

Currently, many studies are focused on pathways related to cancer
stem cell selection and drug resistance, among them NF-kB, CD73-ADO
formation and CD133. In summary, we have demonstrated here that BZP
treatment was able to reduce GBM growth by apoptosis and autophagy
induction, without any change in Akt activation or interference on cell
cycle progression. In addition, BZP was able to modulate the ectonu-
cleotidases, increasing the expression and activity of CD39 enzyme,
while it was able to inhibit the AMPase activity, with reduction of
adenosine formation, without any change in CD73 expression, demon-
strating a possible direct inhibition of this enzyme and corroborating the
data obtained in silico. Curiously, we showed that one cycle of treatment
with BZP increases the percentage of CD133" and the extent of activated
NF-xB cells. Nevertheless, two cycles of BZP treatment managed to
eliminate all cells, even NF-xB / CD133" cells. Finally, further research
is needed to better understand the action of BZP in chemotherapy-
resistant cancer cells.
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