Molecular Neurobiology (2019) 56:3260-3279
https://doi.org/10.1007/512035-018-1240-4

@ CrossMark

CD73 Downregulation Decreases In Vitro and In Vivo
Glioblastoma Growth

J.H. Azambuja' ® - N. E. Gelsleichter" - L. R. Beckenkamp' - I. C. Iser" - M. C. Fernandes - F. Figueir6? -
A. M. O. Battastini? - J. N. Scholl? - F. H. de Oliveira® - R. M. Spanevello* - Jean Sévigny> - M. R. Wink" - M. A. Stefani® -
H. F. Teixeira’ - Elizandra Braganhol’

Received: 28 March 2018 / Accepted: 11 July 2018 /Published online: 16 August 2018
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract

Glioblastoma is the worst and most common primary brain tumor. Here, we demonstrated the role of CD73, an enzyme responsible
for adenosine (ADO) production, in glioblastoma progression. ADO increased glioma cell viability via A1 receptor sensitization.
CD73 downregulation decreased glioma cell migration and invasion by reducing metalloproteinase-2 and vimentin expression and
reduced cell proliferation by 40%, which was related to necrosis and sub-G1 phase blockage of cell cycle. Those effects also
involved the stimulation of Akt/NF-kB pathways. Additionally, CD73 knockdown or enzyme inhibition potentiated temozolomide
cytotoxic effect on glioma cells by decreasing the ICs value and sensitizing cells to a non-cytotoxic drug concentration. CD73
inhibition also decreased in vivo rat glioblastoma progression. Delivery of siRNA-CD73 or APCP reduced tumor size by 45 and
40%, respectively, when compared with control. This effect was followed by a parallel 95% reduction of ADO levels in cerebro-
spinal fluid, indicating the role of extracellular ADO in in vivo glioma growth. Treatment did not induce systemic damage or
mortality. Altogether, we conclude that CD73 is an interesting target for glioblastoma treatment and its inhibition may provide new
opportunities to improve the treatment of brain tumors.
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Highlights

1) CD73/Adenosine regulates cell migration and invasion by expression
of MMP-2 and vimentin;

2) Absence of CD73 induces glioma cell death via necrosis and
potentiates temozolomide cytotoxicity;

3) Dowregulation of CD73 decreases glioma growth in vivo through
reduction of adenosine (ADO);

4) Treatment of the animals did not induce systemic damage or mortality;
5) CD73, the enzyme responsible for the production of adenosine, is
proposed to treat glioma.
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Abbreviations

™Z Temozolomide

ADO Adenosine

CD73 ecto-5'-nucleotidase

APCP Adenosine 5'-(«,[3-methylene)
diphosphate

TME Tumor microenvironment

MMP-2 Metalloproteinase-2

icv Intracerebroventricular

CSF Cerebrospinal fluid

GPI Glycosylphosphatidylinositol

DPCPX 8-Cyclopentyl-1,3-dipropylxanthine

DAPI 4',6-Diamidino-2-phenylindole

HPLC High-performance liquid chromatography

MDR Multiple drug resistance

Zm241385  4-(2-[7-Amino-2-(2-furyl)[1,2,4]triazolo
[2,3-a][1,3,5]triazin-5-ylamino]ethyl)phenol

IB-MECA  1-Deoxy-1-[6-[[(3-iodophenyl)methyl]amino]-
9H-purin-9-yl]-N-methyl-{3-D-
ribofuranuronamide

Introduction

Nucleotides are released by a variety of cell types in response
to stress signals, such as injury, hypoxia, and inflammatory
condition in the tumor microenvironment (TME) [1]. These
molecules are metabolized by ectonucleotidases, including
NTPDases, which hydrolyze ATP and ADP to AMP; ecto-
5'-nucleotidase (CD73) and prostatic acid phosphatase
(PAP), which convert AMP to adenosine (ADO); and adeno-
sine deaminase (ADA), which deaminates ADO to inosine
[2—4]. Therefore, these ectozymes play a crucial role in tumor
progression by controlling extracellular nucleotide/nucleoside
levels, such as ATP and ADO, and the purinoceptor-mediated
signaling in cells that constitute TME [5, 6]. Although PAP
was recently described as an ADO source in glioblastoma
stem cells (GSC) [5], studies from literature and from our
group point to the importance of the CD39-CD73 axis in
ADO production in TME [7-18]. In line with this, the present
study focused on investigating the participation of CD73 in
glioblastoma growth.

CD73 is a protein bound to the outer surface of the plasma
membrane by a glycosylphosphatidylinositol (GPI) anchor
and localized within lipid rafts [7]. CD73 overexpression has
been reported in a variety of cancer cells and tumor patient
biopsies, including gliomas and breast cancer, being associat-
ed with worse disease-free survival in glioblastoma patients
[8—10]. CD73 has enzymatic and non-enzymatic functions in
cancer progression [10—13]. Notably, extracellular ADO pro-
duction through CD73 activity plays important roles in cancer
immunosuppression, angiogenesis, cell proliferation, and
chemoresistance via P1 purinoceptor sensitization [14-20].

In addition to its enzymatic function, CD73 participates in
tumor cell-extracellular matrix interactions, which may favor
tumor spread and metastasis [11, 17, 21]. Therefore, CD73 is a
promising candidate for the development of new therapeutic
strategies in cancer treatment.

Glioblastoma is the worst and most common primary brain
tumor [22]. Standard treatment strategies include complete
surgical resection followed by radio- and systemic chemother-
apy with temozolomide (TMZ) [23]. However, patients with
glioblastoma exhibit a median survival of only 12 months
after diagnosis [24, 25]. Given that glioblastomas are highly
resistant to most cytotoxic drugs and radiotherapy, the charac-
terization of new biological targets is extremely necessary in
order to offer therapeutic options for patients. In this regard,
CD73 has emerged as an important component of cancer ma-
lignancy; however, its roles in in vitro and in vivo glioma
progression have not been fully elucidated. Therefore, the
aim of this investigation was to evaluate the potential of
CD73 as a target for glioblastoma therapy.

Materials and Methods

Characterization of CD73 Role in In Vitro Glioma
Progression

Cell Lines

C6 and US7MG cell lines were purchased from American
Type Culture Collection (ATCC; Rockville, Maryland,
USA). Cells were maintained in low-glucose Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
(v/v) fetal bovine serum (FBS), penicillin/streptomycin
(100 U/L), and fungizone (0.1%) (Gibco, Carlsbad,
California, USA) in a humidified incubator with 5% CO,.

Cell Treatment and CD73 Knockdown

Rat C6 or human U87MG glioma cell lines were seeded at 5 x
10 cells/well in DMEM/10% FBS in 96-well plates. Cultures
were exposed for 24, 48, or 72 h to ADO (product of CD73
enzyme activity; 0.1, 1, 10, 25, 50, 100, and 250 uM), AMP
(CD73 substrate; 1, 10, 50,100, 250, 500, and
1000 uM), APCP (CD73 pharmacological inhibitor; 1,
10, 25, 50,100, 250, and 500 uM) [17], DPCPX (selective
AR antagonist; 1 uM) [26], Zm241385 (selective A,,R an-
tagonist; 1 uM) [27], IB-MECA (selective A3R agonist;
20 uM) [28], caffeine (non-selective P1R antagonist;
10 uM) [29], and dipyridamole (nucleoside uptake inhibitor;
100 uM) [16]. Appropriate controls containing 0.01% DMSO
(vehicle) were included (Table S1).

For CD73 knockdown, two siRNA sequences against rat
CD73 (NCBI Nt5e, NM _021576.2, rCD73-siRNA-961, and

@ Springer



3262

Mol Neurobiol (2019) 56:3260-3279

rCD73-siRNA-980) and one siRNA sequence against human
CD73 (NCBI NG_028214.1, hCD73-siRNA-441) were gen-
erated. Control cells were transfected with a scramble green
fluorescent protein (GFP)-siRNA sequence (Table 1). Glioma
cells were transfected using Lipofectamine RNAiMax reagent
(Invitrogen, Carlsbad, California, USA) by reverse transfec-
tion (10 nM siRNA) according to manufacturer’s instructions.
CD73 knockdown was confirmed after 72 h of transfection by
flow cytometry (FACS), immunofluorescence staining, and
AMPase activity determination as described below.

To assess glioma sensitivity to TMZ, C6 or US7MG cells
were either treated with APCP (100 uM) for 72 h, or CD73
knockdown was performed. Afterwards, cells were exposed to
a concentration curve of TMZ (12.5, 25, 50, 100, 250, 500,
and 1000 uM) for additional 72 h. Control cells were treated
with vehicle (0.01% DMSO). Cell viability was determined
using MTT method as described below. Cells treated with
vehicle DMSO, APCP, or siRNA-CD73 alone were consid-
ered controls. ICs, value was defined as the drug concentra-
tion that inhibited 50% of cell viability when compared with
the untreated control.

MTT Assay

For cell viability assay, 5 x 10° cells/well were seeded in 96-
well plates. After 24 h, culture medium was replaced with
fresh medium, and cells were exposed to treatments as de-
scribed above. Following 24, 48, or 72 h of treatment, cell
viability was assessed by 3(4,5-dimethyl)-2,5diphenyltetrazo-
lium bromide (MTT) assay (Sigma, St. Louis, Missouri,
USA). This method is based on the ability of viable cells to
reduce MTT and form a blue formazan product. MTT solution
was added to incubation medium in the wells at a final con-
centration of 0.5 mg/mL. After 90 min, medium was removed,
DMSO was added to the wells, and plates were shaken. Cell
viability was measured according to the optical density (OD)
at 492 nm. This value was calculated using Prism 5.0 software
(Prism GraphPad Software, San Diego, USA) according to the
following formula: cell viability rate (%) = (OD492 of treated
cells/OD492 of control) x 100%.

Flow Cytometry

CD73 expression in glioma cells was evaluated by flow cy-
tometry using rabbit anti-rat or anti-human CD73 primary
antibodies (Ab) (1:100; http://ectonucleotidases-ab.com).
Briefly, cells were incubated for 60 min with primary Ab
prepared in PFA buffer (PBS, 1% FBS, 0.1% sodium azide)
followed by 30 min incubation with FITC-conjugated second-
ary anti-rabbit Ab (1:100; Kirkegaard Perry Laboratories,
USA) with a minimum of two washes with PFA after each
incubation. Cell surface fluorescence was measured in a
FACSCalibur Flow Cytometer (BD Biosciences, San Jose,
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California, USA). Data were expressed as CD73 expression
rate (%) = (mean fluorescence intensity (MFI) of treated cells/
MEFTI of control) x 100%.

Immunofluorescence Microscopy

C6 and US7MG glioma cells were seeded at 2 x 10 cells/well
in DMEM/10% FBS onto a coverslip. Following 72 h, cells
were fixed in 10% phosphate-buffered formalin/95% acetone,
and sections were incubated for 90 min at room temperature
(RT) with primary Ab (rabbit anti-rat or rabbit anti-human
CD73 (1:1000; http://ectonucleotidases-ab.com),
followed by incubation with FITC-conjugated secondary
anti-rabbit Ab (1:1000; Kirkegaard Perry Laboratories,
USA) for 60 min at RT. Sections were counterstained
with DAPI blue (1:10,000; Sigma, St. Louis, MO, USA)
for 5 min. Images were captured using a digital camera
connected to a microscope (Olympus BX-50, Tokyo,
Japan).

Ectonucleotidase Activity
C6 and US7MG glioma cells were seeded in 24-well plates

(2 x 10* cells/well) and AMPase activity was determined after
72 h of CD73 knockdown or APCP treatment. Enzyme

Table 1
study

Small interfering RNA (siRNA) sequences applied in the present

Sequences

siRNA scramble

GFP
Sense 5'[Phos]rCrArGrGrCrUrArCrUrUrGrGrArGrUr
GrUrArUdTdT3'
Antisense [Phos] rArUrArCrArCrUrCrCrArArGrUrArGrCr
CrUrGdTdT3’
siRNA CD73 rat
961
Sense 5" [Phos] rGrCrCrArUrCrArArArGrCrArGrArCrArUr
UrArArC3'
Antisense 5'[Phos]rUrArArUrGrUrCrUrGrCrUrUrUrGrAr
UrGrGrCrUrG3'
980
Sense 5'[Phos]rArCrCrArGrUrGrGrArGrGrArUrArAr
ArArUrUrArG3’
Antisense 5'[Phos] rArArUrUrUrUrArUrCrCrUrCrCrArCr
UrGrGrUrUrA3’
siRNA CD73 Human
441
Sense 5'[Phos] rGrGrGrGrCrCrArCrUrArGrCrArUCr
UrCrArArArU3’
Antisense 5'[Phos] rUrUrGrArGrArUrGrCrUrArGrUrGrGrCr
CrCrCrUrU3’
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reaction was started by the addition of incubation medium
containing 2 mM MgCl,, 120 mM NaCl, 5 mM KCl,
10 mM glucose, 20 mM HEPES (pH 7.4), and 2 mM
AMP as substrate. Incubation proceeded for 10 min at
37 °C. The reaction was stopped with 10% trichloroace-
tic acid (TCA). The released inorganic phosphate (Pi)
was assayed by malachite green method using KH,PO,
as standard [30]. Protein was measured by Coomassie
blue method [31] using serum albumin as standard.
Activity was reported as nanomoles Pi per minute per milli-
gram of protein.

Scratch-Wound Assay

C6 and U87MG glioma cell lines were seeded in 12-well
plates (5 x 10% cells/well). Cells were exposed to CD73-
siRNA complexes or treated with APCP (1, 10, and
100 uM) or ADO (1 uM) in DMEM/10% FBS. After 72 h,
a cell monolayer wound was performed with a P200 pipette
tip in SFB reduced conditions (DMEM/0.5% FBS). Next,
DMEM/0.5% SFB medium was replaced with fresh medium
in the presence of treatments (APCP or ADO). Control cells
were exposed to DMEM/0.5% FBS or to GFP-siRNA com-
plexes. Following 0, 6, 12, and 24 h of scratch, images were
captured using an inverted microscope (X4 magnifica-
tion) connected to a digital camera (Olympus BX-50,
Tokyo, Japan). Cell migration was determined by mea-
suring the width of the wound divided by two and
subtracting this value from the initial half-width distance
of the wound. Data were expressed as the percentage of
migration compared with DMEM/0.5% FBS or GFP-
siRNA-treated cells.

Migration and Invasion Transwell Assays

Cell migration and invasion were evaluated using a 24-well
transwell chamber (Greiner, Frickenhausen, Germany) ac-
cording to Iser et al. [32]. To study cell invasion, 50 puL of
1 mg/mL Matrigel was used to coat the upper chamber of the
transwell insert. For this, 2.5 x 10* C6 glioma cells treated as
described above (2.1.7) were seeded in the upper chamber of
an 8-um pore size insert in DMEM only and allowed to mi-
grate toward a DMEM/10% FBS placed at the lower chamber.
After 24 h, non-migrating or non-invading cells in the upper
chamber were removed with a cotton swab and the remaining
cells were fixed in methanol for 15 min. Cells that migrated to
or invaded the lower surface of the membrane were stained
with 0.5% crystal violet diluted in 20% methanol. Images of
stained cells were captured using a digital camera connected
to a microscope (Olympus BX-51, Tokyo, Japan). Four visual
fields were randomly chosen for each assay. Cell quantitation

was performed by processing all obtained images using
Imagel software (http://imagej.nih.gov/ij/). The average
number of migrating or invading cells in these four fields
was considered as the cell migration or invasion potential of
the group.

RNA Isolation and Quantitative PCR

Total RNA from C6 glioma cell line was isolated using Trizol
reagent (Life Technologies, CA, USA) in accordance with
manufacturer’s instructions. RNA concentration and purity
were assessed by Nanodrop ND1000 spectrophotometer
(Nanodrop Technologies, Rockland, USA). The cDNA was
synthesized with M-MLV Reverse Transcriptase (Sigma, St.
Louis, Missouri, USA) from 1 pg total RNA. Real-time PCR
samples were prepared in 12.5 pL (final volume) which was
composed of 6.25 puL FastSYBRGreen Master Mix (Applied
Biosystems, CA, USA), 0.4 uL primer pair solution (0.2 uM
final concentration of each primer), 5.05 uL of water, and
1 uL of diluted cDNA. Primer sequences and the expected
PCR fragment sizes are listed in Table 2. Real-time PCRs
were carried out in the Applied Biosystems StepOnePlus
Real-Time PCR cycler and performed in duplicates. All re-
sults were analyzed by the 2~ **“ method [33]. GAPDH ex-
pression was used as the internal control gene for all relative
expression calculations.

Cell Counting Assay

C6 or USTMG glioma cells were seeded at 5 x 10* cells/well
in DMEM/10% FBS in 12-well plates. Following treat-
ment and CD73 knockdown procedures, medium was
removed; cells were detached with 0.25% trypsin solu-
tion (Gibco BRL, Carlsbad, USA) and counted with
trypan blue exclusion. Data were expressed as the per-
centage of proliferation inhibition rate compared with
DMEM/10% FBS or GFP-siRNA treated cells (control
set at 0%).

Clonogenic Assay

For the clonogenic assay, cells were exposed to APCP (1, 10,
and 100 uM) or CD73-siRNA. After 72 h, the treatment was
removed; cells were washed twice with PBS, harvested and
seeded at a density of 100 cells/well in a 6-well plate. After
14 days, colonies were fixed with 100% methanol, followed
by staining with 0.1% crystal violet. The number of colonies
was counted and single colonies were photographed for anal-
ysis. Data were expressed as the percentage of colony number
compared with DMEM/10% FBS or GFP-siRNA treated cells
(control set at 100%).
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Table 2 Primer pains for PCR

and product size Gene Sequence Product length (pb)
MMP2
Forward primer ACAACAGCTGTACCACCGAG 110
Reverse primer GGACATAGCAGTCTCTGGGC
Vimentin
Forward primer GAGGAGATGAGGGAGTTGCG 205
Reverse primer GGTCAAGACGTGCCAGAGAA
GAPDH
Forward primer GCATCTCCCTCACAATTCC 99
Reverse primer GGGTGCAGCGAACTTTAT

Propidium lodide Assay

Cell damage was assessed by fluorescent image analysis of
propidium iodide (PI) uptake. At the end of treatment,
C6 glioma cells were incubated with PI (7.5 uM) for
1 h. PI fluorescence was excited at 515-560 nm using
an inverted microscope (Olympus BX-50, Tokyo, Japan)
fitted with a standard rhodamine filter. Images were
captured using a digital camera connected to the
microscope.

Cell Cycle Assay

After treatments, cells were trypsinized, centrifuged, and re-
suspended in 1.5 mL 70% ethanol followed by incubation
with staining buffer (10 mM PBS, 1% v/v Triton x-100,
20 mg/mL RNAse, and 2 mg/mL PI, pH 7.4) for 30 min in
the dark. DNA content was analyzed in a FACSCalibur Flow
Cytometer (BD Biosciences, San Jose, USA).

Akt and NF-kB Expression Assay

Human U87MG glioma cells were seeded in 6-well plates at
density of 1 x 10° cells/well and treated with APCP (100 uM)
or exposed to CD73-siRNA complexes. Following 72 h of
treatment, ADO (1 uM) was added and the treatment
remained for further 48 h. Control cells were exposed to
DMEM/10% FBS or GFP-siRNA scramble. Cells were
washed with PBS and fixed with Fosflow BD Fix buffer
for 10 min at 37 °C. Cells were then permeabilized with
BD Phosflow Perm buffer for 30 min at 4 °C and in-
cubated with mouse anti-human-pAkt-PE antibody
(pT308, Cat. No. 558275; BD Biosciences) and Alexa
Fluor®488 mouse anti-human-NF-kB-p65 (pS529, Cat.
No. 558423; BD Biosciences) for 30 min at RT in the
dark. Cell fluorescence was measured with a FACSCalibur
Flow Cytometer according to the manufacturer’s instructions
(BD Biosciences, San Jose, USA).

@ Springer

Characterization of CD73 Role in In Vivo Glioma
Progression

Glioma Implantation

C6 glioma cells were cultured to approximately 90% conflu-
ence and a total of 1 x 10° cells in 3 uL of DMEM/10% FBS
was injected in the right striatum at a depth of 6.0 mm (coor-
dinates relative to bregma, 3.0 mm lateral and 0.5 posterior) of
male Wistar rats (250-300 g, 8 weeks old) anesthetized by
intraperitoneal (i.p.) administration of ketamine and xylazine.
Animals were euthanized following 23 days of glioma im-
plantation [34]. All procedures used in the present study
followed the Guide for the Care and Use of Laboratory
Animals from NIH and were approved by the Ethical
Committee of Universidade Federal de Ciéncias da Saude de
Porto Alegre (protocol number 293/14).

Treatment of Animals

Seven days after glioma implantation, animals were randomly
divided into four groups as follows: (1) control (5 uL of PBS);
(2) APCP (2 ng prepared in 5 pL of PBS); (3) scramble-GFP-
siRNA (9 pg of sequence complexed with 5 uL of
Lipofectamine RNAiMax); and (4) CD73-980-siRNA (9 pg
of sequence complexed with 5 pL of Lipofectamine
RNAiMax). Treatments were administered to ketamine/
xylazine anesthetized rats via intracerebroventricular (icv) in-
jection into the cisterna magna once a week for 3 weeks (days
7, 14, and 21) using an infusion pump at rate of 0.5 pL/min.
After 23 days of glioma implantation, rats were decapitated
and brains were removed, sectioned, and frozen. Blood sam-
ples were collected from all animals for posterior enzyme
assays (alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), creatinine, and urea), and serum or cerebrospi-
nal fluid (CSF) were collected to determine levels of purine
compounds. For body weight analysis, the experimental
groups were compared with control group.
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Pathological Analysis and Tumor Quantification blinded to the experiment. For tumor size quantification, im-

ages were captured using a digital camera connected to a mi-

At least three hematoxylin and eosin (HE) sections (4 um fro-  croscope (* 2 magnification; Nikon Eclipse TE300) and the
zen tissue) from each animal were analyzed by a pathologist ~ tumor area (mm?) was determined using ImageJ software.
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Fig. 2 Adenosine increases glioma cell viability via Al receptor
sensitization. Analysis of caffeine, dipyridamole, DPCPX, Zm241385,
and IB-MECA treatments in C6 and U87 glioma cell viability. Glioma
cells were exposed to caffeine (10 uM), dipyridamole (100 uM), DPCPX
(1 pM), Zm241385 (1 uM), and IB-MECA (20 uM) 30 min prior ADO
(1 uM). Cell viability was assessed by MTT after 24 h (C6; a—) or 48 h
(U87MG; b-d) of treatment. Control cell were exposed to DMSO

The total volume (mm?®) of the tumor was computed by the
multiplication of the slice sections and by summing the seg-
mented areas [34].

Analysis of Purine Compound Levels in Serum
or Cerebrospinal Fluid

Cerebrospinal fluid (CSF) was drawn (80—100 pL/rat) by di-
rect puncture of cisterna magna using an insulin syringe (27
gauge x 1/2 in length) in Wistar rats anesthetized with
ketamine/xylazine on the 23rd day after glioma implantation.
Samples were stored at —80 °C for further analysis. Serum
proteins were denatured with 1 M HCIO,. All samples were
then centrifuged (13,000xg for 1 min at 4 °C), supernatants
were neutralized with 4 N KOH and clarified by a second
centrifugation (13,000xg for 1 min at 4 °C). Samples were
collected and stored at — 80 °C for further analysis.
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(0.01%). Values represent the mean + SD of at least three independent
experiments carried out in triplicate. Data were analyzed by ANOVA
followed by post hoc comparisons (Tukey-Kramer test). *p < 0.05, **p
<0.01, and ***p <0.001, significantly different from control cells.
Caffeine, non-selective P1R antagonist; dipyridamole, uptake nucleoside
inhibitor; DPCPX, selective Al antagonist; Zm241385, selective A2A
antagonist; IB-MECA, selective A3 agonist

ATP, ADP, AMP, adenosine, inosine, and hypoxanthine
were analyzed by HPLC according to Bertoni et al. [11].
Briefly, 50 uL of samples (CSF or serum) were applied to a
reversed-phase HPLC Shimadzu Prominence (Shimadzu,
Kyoto, Japan) using a Shimadzu column Shim-pack
CLC (M) Cl18 (150x4.6 mm x5 pm) attached to a
guard column Shimadzu Shim-pack GVP-ODS (4.6 x
10 mm). The elution was carried out by applying a
linear gradient from 100% solvent A (60 mM KH,PO,
and 5 mM of tetrabutylammonium chloride, pH 5.0) to
100% of solvent B (solvent A plus 30% methanol) over
a 42-min period (flow rate at 1.0 mL/min). Mobile
phases were filtered through a 0.45 um Millipore filter
prior to analysis, and all the applied reagents were
HPLC grade. The amount of purine compounds and metabolic
residues were measured by absorption at 254 nm. The reten-
tion time of standards was used as parameter for identification
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<« Fig. 3 CD73 downregulation reduces glioma cell proliferation and
malignancy parameters. Glioma cells were exposed to increasing
concentrations of APCP as indicated, CD73 was knockdown by CD73-
siRNA, and cells were exposed or not to ADO (1 uM). Control cells were
exposed to DMEM or transfected with scramble GFP-siRNA. Cell
proliferation was assessed by cell counting in C6 (a) and US7MG (b);
colony formation was analyzed by clonogenic assay in C6 cells (¢, d);
necrosis was evaluated by PI incorporation in C6 cells (e). Fluorescence
(right) and phase contrast (left) (x 4 magnification); FACS was used for
determination of cell cycle distribution (sub-G1, G1/GO0, S, and G2/M) in
C6 cells (f). Results were analyzed by one-way ANOVA, followed by
Tukey’s multiple comparisons test. All experiments were repeated at least
three times. **p <0.01 and ***p <0.001, significantly different from
control groups; **p < 0.001, significantly different from scramble GFP-
siRNA-transfected cells; “p < 0.05 and “4%p <0.001, significantly dif-
ferent from CD73-siRNA transfected cells treated with ADO. ADO,
adenosine; APCP, adenosine 5'-(x,[3-methylene)diphosphate: CD73 en-
zyme inhibitor

and quantification by comparison of the peak area. Purine
levels were expressed as micromolars.

Statistical Analysis

Statistics were performed using GraphPad Prism 5 software
(San Diego, USA); data were expressed as mean = SD and
subjected to one-way analysis of variance (ANOVA) followed
by Tukey-Kramer post hoc test (for multiple comparisons) or
Student’s ¢ test as appropriate. Differences were considered
significant for a p value of *p <0.05, **» <0.01, and ***p
<0.001, respectively.

Results

CD73 Exerts a Proliferative Stimulus in Glioblastoma
Cell Lines Via ADO Production and A; Receptor
Sensitization

First, to determine CD73 role in in vitro glioma progression,
rat C6 and human U87MG glioma cell lines were treated with
increasing concentrations of either the enzyme product
(ADO), the substrate (AMP), or the pharmacological inhibitor
(APCP), and after 24, 48, or 72 h of treatment, cell viability
was evaluated (Fig. 1). Alternatively, knockdown of the
CD73 gene was performed using siRNA technology.
Following 72 h of silencing protocol, CD73 expression
and activity was decreased, respectively, by 60/70% in
C6 and 70/70% in U87MG cells (Fig. Sle, f, and j).
Similarly, APCP treatment decreased AMPase activity in
a concentration-dependent manner in all evaluated cell lines
(Fig. S1g, h).

Adenosine treatment exhibited differential effects on C6
and U87MG glioma cell lines and induced a biphasic effect
on cell viability, which was time and concentration dependent.
When C6 cells were exposed to ADO, a significant increase in

@ Springer

cell viability was observed after 24 h of treatment at lowest
concentrations, reaching up to 50% following 1 puM
ADO exposure. However, further increases in ADO
concentration (up to 250 uM) did not affect cell viabil-
ity, neither did longer exposure times (48 and 72 h)
(Fig. la). Interestingly, ADO had no effect on US7MG
cell viability after 24 h of treatment. However, after
48 h, low (1 and 10 puM) and high (250 uM) ADO
concentrations increased U87MG cell viability by 30,
40, and 50%, respectively. In contrast with C6 cells,
higher ADO concentrations and longer exposure times
(72 h) reduced US7MG viability by up to 50% when cells
were treated with 250 uM ADO (Fig. 1b).

The substrate of CD73 (AMP) had a similar effect in the
two cell lines, leading to a decrease in cell viability at higher
concentrations and longer times of exposure. In this sense,
I mM AMP reduced ~50% glioma cell viability following
72 h of treatment (Fig. lc, d). Finally, APCP treatment re-
duced C6 cell viability by up to 30%, reaching a plateau at
the 50 uM concentration, while in U87MG, this effect was
observed at higher APCP concentrations (250 and 500 uM)
(Fig. le, f). Corroborating the influence of CD73 on glioma
viability, CD73 knockdown decreased glioma viability by ~
20% in both cell lines (Fig. 2g, h). Therefore, low ADO con-
centrations promoted glioma cell viability, while AMP and
strategies to inhibit endogenous extracellular ADO formation,
such as CD73 pharmacological inhibition or knockdown, had
the opposite effect.

To better understand how ADO increases glioma viability,
C6 and US7MG cells were treated with the non-selective P1
receptor (P1R) antagonist caffeine (10 M) and the nucleoside
uptake inhibitor dipyridamole (100 uM) for 30 min prior to
1 uM ADO exposition, as described in “Materials and
Methods.” In accordance with PIR participation, caffeine
prevented the proliferative effect induced by ADO in both cell
lines, resulting in levels comparable with the control (Fig. 2a,
b). The inhibition of nucleoside uptake by dipyridamole
prevented the increase of cell viability promoted by ADO
(Fig. 2a, b). Interestingly, dipyridamole alone also decreased
U87MG cell viability by 50% when compared with the con-
trol (Fig. 2b).

Those effects are probably related to an increased ADO
availability in the extracellular environment, which in turn
activates P1 receptors in a differential and selective fashion
(A1 >Asa> Az > Aj) [35]. Therefore, cells were further ex-
posed to selective receptor antagonists to investigate which of
them were involved in the biphasic ADO effects in glioma cell
viability. Interestingly, the selective A; receptor antagonist
DCPCX (1 uM) prevented ADO effect in C6 and US7TMG
cells, with viability comparable with the control, while the
A, receptor antagonist Zm241385 (1 uM) did not induce
any changes. Finally, the selective A3R agonist IB-MECA
(10 uM) induced a decrease of ~20% in glioma cell viability,
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which was not different from the control. Taken together, this
data points to a key role of A;R in proliferative actions medi-
ated by ADO, which could be sensitized by low ADO con-
centrations, a condition that is possibly present at the TME as
a result of CD73 activity [8, 9]. Indeed, CD73 has been char-
acterized as the main extracellular ADO source [36]. Its in-
creased expression reported in glioblastoma may be important
for both ADO production and AMP scavenger activity, since
AMP is a potential cytotoxic nucleotide. Therefore, a strategy
aiming to downregulate/inhibit CD73 expression may be

promising.
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Fig. 4 CD73 knockdown positively modulates Akt signaling pathway in
glioma cells. US7MG glioma cells were exposed to APCP (100 uM),
CD73 was knockdown by CD73-siRNA, and cells were exposed or not
to ADO (1 uM) for 48 h. Control cells were exposed to DMEM or
transfected with scramble GFP-siRNA. p-Akt binding was measured by
FACS. a—f Histograms represent unstained cells (gray) and treated cells

Downregulation of CD73 Negatively Regulates
In Vitro Glioma Growth Via Akt/NF-kB Pathways

and Potentiates TMZ Cytotoxicity

To further evaluate the impact of CD73 knockdown and phar-
macological inhibition on in vitro glioma cell proliferation, a
set of experiments was performed aiming to identify poten-
tially involved cellular pathways. CD73 silencing resulted in
~30 and ~40% inhibition of C6 and US7MG cell prolifera-
tion, respectively, as assessed by cell counting, and ADO
treatment restored the proliferation in those cells (Fig. 3a, b).

C

siRNA scramble

e

ADO

-
——

O ApPcP

O siRNA scramble

[ siRNA CD73

B siRNA CD73 + ADO
EADO

20

n

=
o

% of positive cells

a

JIR ]

(white). g Quantitative analysis of p-Akt immunocontent. Values represent
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DMEM/10% FBS group, number sign, significantly different from scram-
ble GFP-siRNA group; and ampersand, significantly different from aden-
osine (ADO)-treated group
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Fig.5 CD73 knockdown positively modulates NF-kB signaling pathway
in glioma cells. U§7MG glioma cells were exposed to APCP (100 pM),
CD73 was knockdown by CD73-siRNA, and cells were exposed or not to
ADO (1 uM) for 48 h. Control cells were exposed to DMEM or
transfected with scramble GFP-siRNA. NF-kB-p65 binding was mea-
sured by FACS. a—f Histograms represent unstained cells (gray) and

ADO effect was stronger in U§7MG when compared with C6
cell line. Additionally, CD73 knockdown in C6 cells de-
creased colony formation by 35% (Fig. 3¢, d); promoted pos-
itive PI staining, suggestive of necrosis (Fig. 3e); and induced
a discrete 4% cell population at Sub-G1 cell cycle phase,
indicating apoptosis (Fig. 5f). APCP treatment reduced cell
proliferation by 20% in C6 cells at 10 and 100 uM, while in
U8TMG, the 25% proliferation reduction was observed only
at a higher concentration (100 uM). In addition, all APCP
tested concentrations decreased C6 colony formation index
in 33% and caused a 2% increase in the sub-G1-phase cell

population (Fig. 3a—f).
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sign, significantly different from scramble GFP-siRNA group; and am-
persand, significantly different from adenosine (ADO)-treated group

Cell signaling via p-Akt and NF-kB-p65 pathways are
well-known modulators of glioblastoma proliferation
[37-40]. To investigate the mechanisms involved in the anti-
proliferative effects induced by CD73 dowregulation or en-
zyme inhibition, p-Akt and NF-kB-p65 levels were investigat-
ed using flow cytometry in US7MG cells. Interestingly, CD73
knockdown upregulated p-Akt and NF-kB-p65 by 200 and
80%, respectively, when compared with control cells, and
ADO supplementation did not reverse this effect. Moreover,
ADO or APCP treatments did not cause changes in these
pathways. These results suggest that blockade of CD73 ex-
pression promotes p-Akt/NF-kB-p65 signaling in glioma cells
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and that these effects are independent of ADO signaling
(Figs. 4 and 5).

CD73 participation in chemoresistance was also investigat-
ed (Fig. 6). Glioma cells were treated with 100 uM TMZ
alone, which did not induce a cytotoxic effect (Fig. 6), or in
combination with APCP, the CD73 enzyme inhibitor. TMZ
treatment reduced cell viability by 20% on average in glioma
cells which were previously silenced for CD73 or treated with
APCP (Fig. 6a, b). In addition, ICs, value for TMZ was de-
creased by ~ 100 uM when combined therapies were applied
(Fig. 6¢). Taken together, this data indicate that CD73 inhibi-
tion potentiates TMZ cytotoxicity in glioblastoma cells.

CD73 Regulates In Vitro Glioma Cell Migration
and Invasion Via ADO Production,
Metalloproteinase-2, and Vimentin Expression

In addition to generating extracellular ADO via AMPase ac-
tivity, CD73 has been reported as an important cell-cell and
cell-extracellular matrix adhesion protein. Both CD73 roles
are related to cell migration and adhesion processes in glioma
cells [11, 17]; however, the mechanisms involved remain un-
clear. Experiments were performed in CD73-silenced cells
treated either with ADO (1 uM) or in the presence of CD73
enzyme inhibitor APCP. Cell migration was analyzed by
scratch-wound and transwell assays, whereas cell invasion
was performed in Matrigel-coated transwell inserts. Further,
analysis of metalloproteinase-2 (MMP-2) and vimentin
mRNA expression was performed. The scratch-wound assay
indicates that ADO induced a sustained C6 and U87MG gli-
oma cell migration through 24 h of analysis. CD73 knock-
down (Fig. 7a, b) or inhibition by APCP (Fig. 7c, d) impaired
glioma cell migration, while supplementing ADO to silenced
cells recovered cell migration potential (Fig.7a, b; Fig. 2S).
Similar results were obtained analyzing C6 glioma cell migra-
tion and invasion using transwell apparatus. ADO increased
cell migration and invasion by ~ 18 and ~40%, respectively
(Fig. 7e—1), which was followed by a parallel increase of 150%
in MMP-2 and 360% in vimentin expression (Fig. 7g, h).
Conversely, CD73 knockdown decreased by cell migration
and invasion potential by ~60 and ~80%, respectively
(Fig. 7e—i). At this condition, MMP-2 expression was
abolished, and vimentin was decreased by 80% (Fig. 7g, h).
ADO treatment in CD73-silenced cells restored migration and
invasive potential of glioma cells without significantly in-
creasing MMP-2 and vimentin expression. Consistent with a
positive stimulus of ADO for cell migration, APCP reduced
migratory and invasive potentials by 40 and 75%, respectively
(Fig. 7e—1). APCP also induced an unexpected 210% increase
in vimentin expression (Fig. 7h). These data suggest that
CD73 and ADO play a role in glioma cell migration and
invasion, and that these effects are mediated at least in part
by MMP-2 and vimentin expression modulation.

CD73 Knockdown or Enzyme Inhibition Suppress
In Vivo Glioblastoma Growth

Considering the promising effect of CD73 silencing or inhibi-
tion in impairing in vitro glioma proliferation, we evaluated
the potential of CD73 as a target for in vivo antiglioma ther-
apy. In line with this, C6 glioma cells were implanted by
intracranial injection into adult Wistar rats, and the animals
were treated with either the selective CD73 enzyme inhibitor
APCP or CD73siRNA sequences complexed with lipofecta-
mine, as described in “Materials and Methods.” Control ani-
mals were treated with either PBS or GFP-siRNA-scramble
sequence. Twenty-three days after glioma implantation, rat
brains were frozen and the tissue blocks were processed for
HE staining. Corroborating the previous findings, which indi-
cate an in vitro proliferative role for CD73 in glioblastoma,
APCP treatment reduced tumor volume by 40% (108.3 +
36.3 mm?®), while CD73 silencing reduced tumor volume by
45% (97.2+52.9 mm®) when compared with control group
PBS (173.2+24.2 mm®) or GFP-siRNA-scramble (137.6 +
33.1 mm® ) (Fig. 8a—e). In addition, in one animal from each
group (APCP and CD73-siRNA), a complete tumor re-
mission was observed, remaining at the end of treatment
only regions of necrosis and edema at glioma implanta-
tion site. Interestingly, histopathological analysis re-
vealed increased necrosis and lymphocytic infiltration
in CD73-siRNA-treated animals compared with the con-
trol group (Table 3; Fig. 9). These data indicate that CD73
downregulation may be an interesting strategy to control in
vivo glioma growth.

To evaluate the impact of CD73 knockdown or inhibition
by APCP on nucleotide/nucleoside levels, HPLC analysis was
performed in CSF and serum. Data from literature show that
levels of ATP, ADP, AMP, ADO, inosine, and hypoxanthine in
CSF from healthy rats are very low, at the picomoles per
microliter range [41]. However, our data show that rats sub-
mitted to glioma implantation model exhibited on average a
1000-fold increase of these levels, emphasizing the impor-
tance of purinergic signaling in glioma progression (Table 4).

In CSF, APCP-treated group achieved a 95% reduction of
ADO levels, confirming CD73 inhibition (0.217 +0.08 uM),
and a 550% increase in hypoxanthine levels (2.993 =
0.95 uM) when compared with the control (PBS group)
(ADO 6.828 £3.39 uM and hypoxanthine 0.458 +
0.33 uM). In addition, in the CD73-silenced group, ADP
and ADO levels were reduced by 80 and 97%, respectively
(0.264+£0.05 and 0.220+0.04 uM), and the hypoxanthine
level increased (440%—2.489+0.29 uM) when compared
with the GFP-siRNA control group (7.420+2.61 and 2.024
+0.15 uM) (Table 4).

In serum, APCP treatment promoted a decrease in ATP
(80%—2.673 £0.78 uM), ADP (95%—0.106+0.07 puM),
ADO (30%—5.556 +£0.48 uM), and inosine levels (60%—
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Fig. 6 CD73 downregulation
potentiates TMZ-induced glioma
cytotoxicity. C6 and US7TMG
glioma cells were exposed to 1

Cé

00

—
APCP (100 uM) or CD73 was .
knockdown by CD73-siRNA £ .5l
prior 72 h of TMZ (100 uM). Cell %
viability was determined by MTT 2
assay following 72 h of treatment. 3 S0
Values represent means + SD and
were analyzed by one-way 25+
ANOVA followed by post hoc
comparisons (Tukey). Asterisk, ol
significantly different from the n .
control DMEM/10% FBS group; APCP 100 uM
number sign, significantly siRNA CD73 + +
different from APCP or Temozolomide 100 pM + ¥ +
CD73-siRNA alone. APCP,
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methylene)diphosphate: CD73
enzyme inhibitor; TMZ, b 125 us7
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IC 50 TMZ Control APCP siRNA CD73
cé6 993.5 uM 874.6 uM 887.7 uM
us7 >1000 uM >1000 uM 868.6 uM
1.060 +0.16 uM) when compared with the control group ATP  Discussion

(15.407 £ 1.34 uM), ADP (2.392+£0.92 uM), ADO (7.593 +
0.84 uM), and inosine (2.349 +0.43 uM). Moreover, in the
group treated with CD73-siRNA complexes, a decrease in
ATP (50%—7.753+0.97 uM), ADP (99%—0.018 £
0.03 uM), and inosine (50%—1.183 £0.09 uM) levels was
observed (Table 4). Notably, although serum purine
levels were altered in animals, no significant damage
was detected (Table 4).

Finally, it is important to note that animals treated with
CD73-siRNA or APCP did not exhibit mortality, behavioral
changes, or weight loss (data not shown). Neither changes in
renal and hepatic damage markers (ALT, AST, creatinine, and
urea) (Table 5) nor histopathological changes in heart, liver,
kidney, lung, and spleen were observed (Fig. S3), indicating
the safety of these treatments.

@ Springer

The present study demonstrates that CD73 knockdown or
inhibition decreases in vitro and in vivo glioblastoma growth,
suggesting CD73 as an interesting target for brain tumor ther-
apy. First, the role of CD73 in in vitro glioma growth was
investigated. We found that CD73 favors glioblastoma cell
growth via ADO generation, and AR sensitization exerts a
proliferative stimulus to glioma cells. In line with this, CD73
downregulation decreased cell colony number, cell prolifera-
tion and potentiated TMZ cytotoxicity via Akt and NF-kB
signaling pathways. Cell migration and invasion were also
affected when targeting CD73, which was associated, at least
in part, by decreasing expression of MMP-2 and vimentin.
Finally, CD73 downregulation also decreased in vivo glioma
growth, which was followed by decreased ADO levels in CSF,
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<« Fig.7 CD73 downregulation reduces glioma cell migration and invasion
by modulating MMP-2 and vimentin expression. C6 and U87MG glioma
cells were exposed to increasing concentrations of APCP as indicated,
CD73 was knockdown by CD73-siRNA, and cells were exposed or not to
ADO (1 uM). Control cells were exposed to DMEM or transfected with
scramble GFP-siRNA. The average of initial wound width was measured
and defined as 0% of cell migration. Images were collected at increasing
times following scratch-wound, as indicated, using an inverted micro-
scope. a—d Lines represent the mean percentage of migrating cells relative
to negative control (DMEM/0.5% FBS). e, f Migration and invasion
assays, respectively. C6 glioma cells were seeded in DMEM only in the
upper chamber of uncoated or Matrigel-coated chambers of transwells.
DMEM/10% FBS was added to the lower chamber, and cell migration
and invasion was determined following 24 h of incubation. Columns
represent the mean percentage of cells migrating to or invading the lower
chamber. g, h Relative MMP-2 and vimentin mRNA expression in C6
cells was determined by qPCR using 2~ method. mRNA expression
was normalized against GAPDH levels and expressed relatively to con-
trol (cells maintained in DMEM/0.5% FBS). i Representative light mi-
croscopy image of crystal violet-stained cells.*p < 0.05,**p < 0.01, and
##%p < 0.001, significantly different from control cells; *p < 0.05, #p <
0.01, ###p <0.001, significantly different from adenosine (ADO)-treated
group, as determined by ANOVA followed by Tukey’s test. All experi-
ments were repeated at least three times

indicating the participation of this nucleoside in glioma
progression.

Our research group has previously shown that alterations
on purinergic signaling are involved in glioma progression
[11, 17, 42-47]. Glioma cells exhibit low ATPase/ADPase
activities and high AMPase activity when compared with nor-
mal astrocytes [42]. In this regard, higher CD73 expression in
gliomas contributes to cell proliferation [17] and modulates
cell adhesion and tumor cell-extracellular matrix interactions
[11]. However, the mechanisms involved in these effects in
gliomas were not determined. Additionally, data from the lit-
erature show that extracellular ADO plays an important role in
brain physiology, has essential neuromodulatory, anticonvul-
sive, and neuroprotective roles [48, 49]. In the context of
cancer, ADO accumulation favors tumor growth, metastasis,
angiogenesis, chemoresistance, and immunosuppression [8,
9]. Other ectonucleotidases, such as PAP, are also expressed
by cancer cells and may be important for ADO generation

Control Ado APCP

Migration

Invasion

Fig. 7 (continued)
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from AMP hydrolysis in acid TME [4-7, 36]. PAP selective
expression in GSC under hypoxia conditions has recent-
ly been described and deserves further analysis. Here,
we hypothesized that strategies to blockade CD73
would decrease ADO availability in TME, which would
in turn decrease tumor progression. Corroborating this
idea, the results presented here show the positive role
of CD73 in the control of migration, invasion, malignancy,
chemoresistance to TMZ and in vivo glioma progression.
Conversely, CD73 inhibition by APCP or siRNA technology
prevented the positive actions of CD73 on tumor growth.
These data reinforce its potential as a therapeutic target for
glioblastoma.

Interestingly, in this context, our data showed that CD73
knockdown promoted activation of p-Akt/NF-kB-p65 signal-
ing. Although these pathways have been classically related to
cell proliferation and survival [37—40], a disturbance in Akt
signaling has also been associated with the antiglioma activity
of natural compounds [37-40, 50]. Accordingly, our data sug-
gest that Akt/NF-kB-p65 activation in CD73 knockdown cells
may be related to decreased glioma progression. Nonetheless,
the overstimulation of these proteins as a compensatory sur-
vival signaling in injured glioma cells, as observed in previous
studies [51, 52], could not be excluded. Therefore, whether
the increase of Akt/NF-kB-p65 activity promoted by CD73
knockdown is associated to cell death or to a resistance pro-
cess remains to be evaluated in further studies. Indeed, Akt/
NF-kB-p65 biological effects are dependent on the stimula-
tion degree, which may result in opposite outcomes [50, 53].
To the best of our knowledge, this is the first study demonstrat-
ing Akt/NF-kB-p65 modulation by CD73 in an ADO-
independent way.Our data show that CD73 plays a role in the
control of glioma cell migration and invasion through an
adenosinergic pathway. In this context, CD73 downregulation
decreased cell migration and invasion, while ADO supplemen-
tation reversed these effects. Others have previously shown that
RNAi-mediated knockdown of CD73 in breast cancer cells
inhibited their invasion potential [54]. However, previous stud-
ies did not address the mechanism of action by which CD73

siRNA CD73  siRNA CD73 + Ado

siRNA scramble
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Fig. 8 CD73 inhibition decreases
in vivo glioma growth. C6 glioma
cells were implanted in rat brain,
and the treatment was performed
via icv as indicated. Tumor size
was measured 23 days after
glioma implantation by analyzing
three HE sections of each tumor.
HE images were captured using a
digital camera connected to a
microscope, and total volume
(mm®) was determined using
Image] Software. Values
represent the mean + SD of at
least five animals per group. Data
were analyzed by ANOVA
followed by post hoc
comparisons (Tukey’s test). *p <
0.05, significantly different from
control groups (saline)
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Tumor size (mm*
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may modulate tumor-cell migration and invasion. Interestingly,
our data suggest that it may be through modulation of the ex-
pression of MMP-2 and vimentin. The migration and invasion
potentials of malignant tumors require the proteolytic degrada-
tion of ECM components. Previous data has established that
MMPs are associated with pathological hallmarks of

GFP
SiRNA

980
APCP

glioblastoma aggressiveness and its inhibition might be useful
for treating brain tumor invasiveness [55, 56]. In addition,
vimentin, a protein of intermediate filament family, participates
in several cell signal pathways to modulate the motility and
invasion of cancer cells; in patients with glioblastoma, low
vimentin expression is associated with longer survival and a

Table 3 Histological

characteristics of implanted Control APCP siRNA scramble siRNA CD73
gliomas
Coagulative necrosis 2/5 1/5 4/5 4/5
Intratumoral hemorrhage 2/5 2/5 1/5 3/5
Lymphocytic infiltration 1/5 2/5 4/5 4/5
Edema 5/5 4/5 5/5 4/5
Vascular proliferation 2/5 3/5 5/5 2/5

Five days after glioma implantation, the animals were divided in four groups and treated for 23 days as follows:
control (PBS-treated); GFP (siRNA scramble); 980 (siRNA CD73); APCP. The histological variables
(coagulative necrosis, intratumoral hemorrhage, lymphocytic infiltration, peritumoral edema, and vascular pro-
liferation) were regarded as present or absent
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Fig. 9 Representative HE
sections of implanted tumors
denote histological characteristics
that define glioblastoma
multiforme. Necrosis (N),
peritumoral edema (PE),
lymphocytic infiltration (LI), and
vascular proliferation (V). Note
that CD73-siRNA treatment
increased necrosis and
lymphocytic infiltration in
implanted gliomas. The complete
histopathological analysis is
shown in Table 3; x 20
magnification (x 40
magnification insert)

better response to temozolomide therapy [57, 58]. Therefore,
we suggest a novel mechanism by which CD73 controls mi-
gration, invasion and malignancy of the glioma.

Glioblastoma cells are characterized by high chemoresistance
to antitumor drugs [22, 23]. Therefore, the available
chemotherapy for treatment of brain tumors has, for decades,
made only a very limited contribution. In the present study, we
reveal CD73 as a possible target to potentiate TMZ cytotox-
icity against glioblastoma cells. Our data showed that CD73
blockade increased sensitivity to TMZ by lowering its ICs

siRNA GFP

siRNA CD73

and by inducing a decrease of cell viability of two highly
chemoresistant glioma cell lines following a non-cytotoxic
drug concentration treatment. Currently, studies have shown
that CD73 suppresses chemotherapy efficacy, conferring gli-
oma chemoresistance to vincristine in a P1 receptor-
dependent effect [18]. Indeed, CD73 knockdown or activity
inhibition, as well as A3 antagonism, decreased multiple drug
resistance protein-1 (MRP1) expression and glioblastoma
stem-like cell proliferation following chemotherapeutic treat-
ment [18-20]. In addition, CD73 mediates multiresistance in

Table 4 ATP, ADP, AMP,

adenosine, inosine and Purine levels (uM) Control APCP siRNA scramble siRNA CD73

hypoxanthine levels in the serum

and cerebrospinal fluid of rats 23 Serum

days after treatment with APCP, ATP 15.407 = 1.34 2.673 £ 0.78%*** 11.248 + 1.16%* 7.753 £ 0.97%%*

SiRNA scramble or siRNA CD73 -\ pp 23924092 0.106 + 0.07* 0.057 + 0.05% 0.018 + 0.03%+%
AMP 0.957 + 1.09 0.123 £ 0.03 0.085 £ 0.02 1.276 £ 0.10
Adenosine 7.593 +0.84 5.556 + 0.48* 5.832 + 0.53* 6.183 + 0.25
Inosine 2.349 £ 043 1.060 + 0.16%* 1.419 + 0.10%* 1.183 + 0.09*
Hypoxanthine 0.000 + 0.00 2.622 £1.13 11.847 +£2.02 4.900 + 8.49
Cerebrospinal fluid
ATP 3.105 £0.21 2.877 £ 0.11 2.939 +0.33 2.907 + 0.03
ADP 10.151 £ 5.74 2457 £ 0.69 7420 +2.61 0.264 + 0.05%*
AMP 0.469 + 0.66 0.074 £ 0.08 0.547 £ 0.52 0.282 + 0.07
Adenosine 6.828 + 3.39 0.217 + 0.08%:* 2.024 £ 0.15* 0.220 + 0.04%*
Inosine 1.126 £ 0.12 1.174 £ 0,06 1.440 + 0,50 0.777 £ 0.762
Hypoxanthine 0.458 £0.33 2.993 £ 0.95%* 0.743 £ 0.11 2.489 £ 0.29%*

Values are expressed as mean + SD

*p <0.05, **p <0.01, ***p <0.001 different from the control group (n=3)
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Table 5 Tissue damage serum
markers in control or treated C6- Control APCP siRNA scramble siRNA CD73
implanted rats
AST (U/L) 2972 £29.6 2154 + 437 245.7 £10.5 361.1 £27.5
ALT (U/L) 304 +10.5 26.1 +15.8 30.0 +5.1 453 +£8.1
Urea (mg/dL) 52.0+5.1 55.2 £ 8.8 599 +4.1 552 +8.8
Creatinine (mg/dL) 104 £ 0.5 93 +1.8 9.7+1.8 9.0+2.0

Control (PBS-treated), APCP, GFP (siRNAscramble), or 980 (siRNA CD73) were administered once a week for
3 weeks. The values represent the mean + SD. Data are analyzed by ANOVA followed by post hoc comparisons

(Tukey’s test)

leukemia by interacting with TRAIL receptor [59], and breast
cancer doxorubicin resistance by suppressing adaptive
antitumor immune response via ADO receptor activation
[60]. In this context, modulation of glioma chemoresistant
phenotype by CD73 inhibition may play a role in TMZ
therapy.

In addition, we demonstrated that the TME of glioblastoma
in vivo presents high concentrations of ADO in the CSF, in the
micromolar range. This data is consistent with studies show-
ing high ADO levels in the TME, while levels in healthy tissue
are around the nanomolar range [41]. On the other hand,
siRNA-CD73 or APCP downregulated the activity of the
CD73. Consistently, both APCP treatment and CD73 knock-
down reduced ADO levels in CSF when compared with un-
treated animals, restoring the concentrations of this nucleoside
to the nanomolar range, which is found in healthy tissues. This
treatment also reduced tumor size and increased necrosis and
lymphocyte infiltration in the siRNA-CD73 group. In view of
the data presented, we suggest that the reduction of the tumor
growth after CD73 downregulation can be attributed to de-
creased ADO. In addition, we observed a decrease in ADP
levels in the siRNA-CD73 group in CSF, which can
justify the 5% higher decrease in tumor volume when
compared with the APCP group (which did not cause
change in ADP levels), since our research group has
already demonstrated that the accumulation of ADP re-
sults in bigger and more malignant gliomas [46]. The
present analysis reinforces the safety of CD73 inhibition, since
no alterations were observed in behavior, hepatic or renal
function, nor in histopathological characteristics of kidney,
liver, lung, spleen, and heart tissues.

In conclusion, we found that CD73 silencing or enzyme
inhibition decreased in vitro and in vivo glioblastoma growth.
In addition, CD73 blockage potentiates TMZ induced glioma
cytotoxicity. However, additional studies are needed to devel-
op a formulation that increases the bioavailability of drugs to
central nervous system and allows for a less invasive route of
administration in the future.
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