
Neurobiology of Disease

CD73 Promotes Glioblastoma Pathogenesis and Enhances Its
Chemoresistance via A2B Adenosine Receptor Signaling

X Angela Yan,1 Michelle L. Joachims,3 Linda F. Thompson,3 Andrew D. Miller,2 Peter D. Canoll,4

and X Margaret S. Bynoe1

1Department of Microbiology and Immunology, 2Department of Biomedical Sciences, Section of Anatomic Pathology, College of Veterinary Medicine,
Cornell University, Ithaca, New York 14853, 3Arthritis and Clinical Immunology Program, Oklahoma Medical Research Foundation, Oklahoma City,
Oklahoma 73104, and 4Department of Pathology and Cell Biology, Vagelos College of Physicians and Surgeons, Columbia University, New York City,
New York 10027

Glioblastoma (GB) is one of the deadliest brain cancers to afflict humans, and it has a very poor survival rate even with treatment. The
extracellular adenosine-generating enzyme CD73 is involved in many cellular functions that can be usurped by tumors, including cell
adhesion, proliferation, invasion, and angiogenesis. We set out to determine the role of CD73 in GB pathogenesis. To do this, we
established a unique GB mouse model (CD73-FLK) in which we spatially expressed CD73 on endothelial cells in CD73 �/� mice. This
allowed us to elucidate the mechanism of host CD73 versus GB-expressed CD73 by comparing GB pathogenesis in WT, CD73 �/�, and
CD73-FLK mice. GB in CD73 �/� mice had decreased tumor size, decreased tumor vessel density, and reduced tumor invasiveness
compared with GB in WT mice. Interestingly, GBs in CD73-FLK mice were much more invasive and caused complete distortion of the
brain morphology. We showed a 20-fold upregulation of A2B AR on GB compared with sham, and its activation induced matrix
metalloproteinase-2, which enhanced GB pathogenesis. Inhibition of A2B AR signaling decreased multidrug resistance transporter
protein expression, including permeability glycoprotein (P-gp) and multidrug resistance-associated protein 1 (MRP1). Further, we
showed that blockade of A2B AR signaling potently increased GB cell death induced by the chemotherapeutic drug temozolomide.
Together, these findings suggest that CD73 and A2B AR play a multifaceted role in GB pathogenesis and progression and that targeting the
CD73–A2B AR axis can benefit GB patients and inform new approaches for therapy to treat GB patients.
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Introduction
Glioblastoma (GB) is the most common and most fatal primary
malignant brain tumor (Wen and Kesari, 2008) due to its high

capacity to proliferate and its extreme chemoresistance (Sarkaria
et al., 2008). Further, the impermeability of the blood– brain bar-
rier (BBB) makes chemotherapeutic drug delivery challenging for
GB treatment (Neuwelt et al., 1982). Currently, the median sur-
vival for GB patients is 16 months even with treatment (Topkan
et al., 2018).

In this report, we investigated the role of the surface enzyme
CD73 (ecto-5�-nucleotidase) in GB pathogenesis as CD73 and its
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Significance Statement

Glioblastoma (GB) is the most devastating primary brain tumor. GB patients’ median survival is 16 months even with treatment.
It is critical that we develop prophylaxes to advance GB treatment and improve patient survival. CD73-generated adenosine has
been implicated in cancer pathogenesis, but its role in GB was not ascertained. Here, we demonstrated that host CD73 plays a
prominent role in multiple areas of glioblastoma pathogenesis, including promoting GB growth, its angiogenesis, and its inva-
siveness. We found a 20-fold increase in A2B adenosine receptor (AR) expression on GB compared with sham, and its inhibition
increased GB chemosensitivity to temozolomide. These findings strongly indicate that blockade or inhibition of CD73 and the A2B

AR are prime targets for future GB therapy.
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product, extracellular adenosine, have been implicated in the
progression of other types of tumors (Zhi et al., 2007; Yegutkin et
al., 2011; Zhang, 2012; Antonioli et al., 2013). CD73 is a key
enzyme in the ATP metabolic pathway. In damaged tissues, ATP
is released into the extracellular space (Yin et al., 2007; Cauwels et
al., 2014) and converted to ADP and AMP by the surface enzyme
CD39 (ectonucleoside triphosphate diphosphohydrolase-1);
AMP is further converted to adenosine by CD73.

Adenosine is a purine nucleoside that promotes tumor prolif-
eration and angiogenesis (Adair, 2005; Zhi et al., 2007). Adeno-
sine signals through four G-protein-coupled receptors, A1, A2A,
A2B, and A3, to elicit its function. The A2B adenosine receptor
(AR) has a very low affinity for adenosine and is activated under
high, usually pathological, extracellular adenosine concentra-
tions (in the micromolar range) (Mundell and Kelly, 1998; Haskó
et al., 2009; Aherne et al., 2011; Daniele et al., 2014), whereas the
A1 AR has the highest affinity and is activated under basal aden-
osine concentrations (Fredholm, 2007; Müller and Jacobson,
2011). Adenosine signaling through the A2B AR modulates tumor
apoptosis and proliferation and the tumor immune microenvi-
ronment (Trincavelli et al., 2004; Fiebich et al., 2005; Daniele et
al., 2014; Liu et al., 2014).

CD73 and adenosine are involved in tumor adhesion, inva-
sion, proliferation, angiogenesis, and chemoresistance (Wang et
al., 2003; Adair, 2005; Chan et al., 2006; Zhi et al., 2007; Bavaresco
et al., 2008; Du et al., 2008; Yegutkin et al., 2011; Cappellari et al.,
2012; Burnstock and Di Virgilio, 2013; Koszałka et al., 2014). For
example, under hypoxic conditions, upregulation of the hypoxia
inducible factor 1 (HIF-1) transcription factor increases CD73
generation of extracellular adenosine (Adair, 2005). Adenosine
signaling through the A2A and A2B ARs induces the release of
vascular endothelial growth factor (VEGF), which induces pro-
liferation of endothelial cells and angiogenesis to promote tumor
growth (Adair, 2005). CD73 and AR signaling also regulate ma-
trix metalloproteinases (MMPs) (Chan et al., 2006; Zhi et al.,
2007), which play crucial roles in angiogenesis and tumor inva-
sion by degrading the extracellular matrix (ECM) (Zhi et al.,
2007). MMP2 and MMP9 have been shown to promote GB an-
giogenesis and invasion and to regulate vascular patterning
(Wang et al., 2003; Du et al., 2008). However, how CD73 regu-
lates GB pathogenesis and whether host CD73 contributes to
tumor pathogenesis have not been elucidated. We hypothesized
that GB usurped the host and its own CD73 (GB-CD73) to pro-
mote its growth and survival. To test this, we used unique mouse
models lacking CD73 or expressing CD73 on endothelial cells to
study GB pathogenesis. Our data revealed that both host and
GB-CD73 were key contributors to GB pathogenesis. These stud-
ies provide a potential target for GB therapeutic intervention
through modulation of CD73 and/or the CD73–AR axis.

Materials and Methods
Cell culture. GL261 and U251 cell lines were obtained from National
Cancer Institute and cultured in DMEM (10 – 013-CV, Cellgro; Corning)
or RPMI 1640 (10 – 040-CM, Cellgro; Corning), respectively, with 10%
FBS and 100 units/ml penicillin/streptomycin at 37°C/5% CO2 in a hu-
midified incubator. Medium was changed every 2–3 d and cells were used
when grown to confluency.

Mice. C57BL/6 mice were purchased from The Jackson Laboratory.
CD73 �/� mice have been described previously (Thompson et al., 2004)
and were backcrossed to C57BL/6 mice for �14 generations. Mice ex-
pressing CD73 primarily on endothelial cells (CD73-FLK mice) were
produced by generating mice expressing murine CD73 under the control
of the Flk-1 promoter (see details below) and crossing them to CD73 �/�

mice. All mice used in this study were male and age matched. Mice were

housed in specific-pathogen-free rooms until they were 8 weeks of age
and moved to a broken barrier/biosafety level 2 room for experiments in
the mouse facility at Cornell University. Animal studies were approved
by the institutional animal care and use committee of Cornell University
(protocol no. 2008 – 0092).

Generation of CD73-FLK mice. Full-length CD73 was amplified by
PCR from a murine CD73 plasmid (Resta et al., 1993) to add a consensus
Kozak sequence and flanking restriction sites and then cloned into a
plasmid containing promoter and intronic enhancer sequences from the
murine Flk-1 gene (Kappel et al., 1999) (a gift from Dr. Lijun Xia, Okla-
homa Medical Research Foundation) using NheI and EcoR I restriction
sites. All plasmids were verified by sequencing. The full-length 5.4 kb
transgene was released by digesting this plasmid with SalI and XmaI and,
after purification, was injected into C57BL/6 blastocysts at the University
of North Carolina Animal Models Core Facility. The presence of the
transgene was verified by PCR using the following primers: CD73Tg
forward: 5�-GGGCGGATCAAGTTCTCTGCAGC-3�; CD73Tg reverse:
5�-TTAACTGGGACTGGGGCAAAGTC-3�. Transgene-positive mice
were bred to cd73 � / � mice to generate offspring that expressed CD73
only under the control of the Flk-1 promoter.

GB implantation. GL261 and GL261 CD73low cells were suspended in
saline (15,000 cells/�l) and kept on ice. Mice were anesthetized with
ketamine–xylazine (100 mg/kg) and ketoprofen (2 mg/kg) was adminis-
tered as analgesic. Eye ointment was applied before hair removal. The
scalps were sterilized by wiping three times with chlorhexidine solution
followed by 70% ethanol. A midsagittal incision was made through the
scalp and bregma was located. A small hole was drilled 0.1 mm posterior
and 2.3 mm lateral of bregma. Then, 30,000 GL261 cells or saline (2 �l,
sham) were injected 3 mm from the brain surface using a 27-gauge needle
with a Hamilton syringe. The wound was closed using sutures and keto-
profen (2 mg/kg) was administered the day after surgery.

Tissue harvest. Mice were anesthetized with ketamine–xylazine and
transcardial perfusion with ice-cold PBS was performed. Brains were cut
coronally in half, flash frozen in Tissue-Tek optimal cutting temperature
medium (Sakura Finetek), and stored at �80°C. Brains were sectioned to
8 or 10 �m thick with a microtome, collected on Supefrost/Plus slides
(Fisher Scientific), fixed in acetone, and stored at �80°C.

Hematoxylin and eosin staining. Frozen sections were fixed with ace-
tone, stained with 0.1% hematoxylin and 0.5% eosin, and mounted with
Eukitt quick hardening mounting reagent.

Invasion score. GB invasion scores were measured using 20� scanned
whole-brain images of H&E-stained brain sections taken by Aperio CS2.
GB invasion scores were the sum of the meninges invasion score, the
invasion area score, and the invasion distance score. The meninges inva-
sion score equaled the ceiling of the percentage of meninges invaded
divided by 5 (to transform the percentage into a score ranging from 0 to
10). The invasion area score equaled the area of tumor-infiltrating non-
neoplastic area divided by the total area of the tissue section (Guillamo et
al., 2009). The invasion distance score equaled the ceiling of the displace-
ment (in micrometers) between the farthest point of the tumor infiltrat-
ing non-neoplastic area and the tumor edge (Williams et al., 2011)
divided by 500 (to transform the displacement into a score ranging from
0 to 10).

Flow cytometry. GL261 and GL261 CD73low cells were stained with PE-
conjugated antibody against mouse CD73 (1:200, 12– 0731-83; eBiosci-
ence) and/or FITC-conjugated antibody against mouse CD44 (1:200,
553133; BD Biosciences), and U251 cells were stained with FITC-
conjugated antibody against human CD73 (1:200, 344015; BioLegend).
Cells were then washed twice with 0.5% BSA/PBS. Brain tissues were
collected from GB-bearing WT mice 3 weeks after implantation. Tumors
were removed with a blade and homogenized with a Dounce homoge-
nizer in RPMI 1640 (10 – 040-CM, Cellgro; Corning) with 10% FBS.
Tumor homogenates were centrifuged at 450 � g for 10 min and pellets
were resuspended in 30% Percoll underlaid with 70% Percoll. Cells were
centrifuged at 600 � g for 20 min at room temperature and the layer at
the 70% and 30% Percoll junction was collected and washed with 0.5%
BSA/PBS. Red blood cells were lysed with ACK lysing buffer (A1049201;
Thermo Fisher Scientific) according to the manufacturer’s protocol.
Cells were blocked with anti-CD16/CD32 antibody (1:200, 14 – 0161-85;
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eBioscience) and stained with PE-conjugated antibody against mouse
CD73 (1:200, 12– 0731-83; eBioscience). For intracellular staining, cells
were fixed with 4% paraformaldehyde (15710; Electron Microscopy Sci-
ences) for 20 min, permeabilized with 0.1% saponin (A18820; Alfa Ae-
sar) for 15 min, and then stained with PE-conjugated antibody against
mouse CD73 (1:200, eBioscience, 12– 0731-83) in 0.1% saponin (Alfa
Aesar, A18820). Cells were analyzed with a BD Biosciences FACSCanto
II. Laser configurations were as follows: GL261 � FSC 176 V, SSC 313 V,
PE 493 V, FITC 533 V; U251 � FSC 176 V, SSC 313 V, FITC 533 V; tumor
homogenate � FSC 335 V, SSC 410 V, PE 400 V. Data were analyzed
using FlowJo software version 10.

Immunostaining. For immunohistochemistry staining, slides were
immersed in 0.3% H2O2 for 10 min to inactivate peroxidases. After
two PBS washes, slides were blocked at room temperature with casein
(Vector Laboratories) and 10% goat serum. Slides were then incubated
overnight with primary antibody against CD31 (1:30; BD PharMingen,
550274), MMP9 (1:200; Millipore, AB19016), MMP2 (1:500; Millipore,
MAB3308), or CD73 (1:100; BD PharMingen, 550738), followed by two
PBS washes. Slides were then incubated with HRP-conjugated secondary
antibody, washed, and developed with an AEC substrate kit (Zymed) and
stained with hematoxylin. Slides were mounted with Fluoromount-G.
For immunofluorescence staining, slides or cells grown on coverslips
were blocked the same way as immunohistochemistry staining. For Ki-67
staining, slides were permeabilized using Foxp3 staining buffer set (eBio-
science, 00 –5523-00) following the manufacturer’s protocol. Slides or
coverslips were incubated overnight with primary antibody against
CD73 (1:100; BD PharMingen, 550738), CD133 (1:200; Abcam,
ab19898), Ki-67 (1:50; BD PharMingen, 550609), glial fibrillary acidic
protein (GFAP) (1:500; BD PharMingen, 556330), NeuN (1:200; Cell
Signaling Technology, 12943S), A1 AR (1:100; Alomone Labs, AAR-006),
A2A AR (1:100; Alomone Labs, AAR-002), A2B AR (1:100; Santa Cruz
Biotechnology, SC-7507), A3 AR (1:100; Alomone Labs, AAR-004),
VEGFA (1:200; Abcam, ab46154), CD31 (1:30; BD PharMingen,
550274), �-dystroglycan (1:100; Millipore, 05–298), MMP9 (1:200; Mil-
lipore, AB19016; 1:100; Abcam, ab38898), TIMP1 (1:500; Abcam,
ab86482), MMP2 (1:500; Millipore, MAB3308), P-gp (1:100; GeneTex,
GTX23364), or MRP1 (1:100; Abcam, ab32574), followed by two PBS
washes. Slides were then incubated with fluorophore-conjugated sec-
ondary antibody, washed, and mounted with ProLong Gold with DAPI.
Slides were imaged with Zeiss Axio Imager.M1 with a Zeiss Plan-
Neofluar 20� objective (44 03 40).

Sorting GL261 CD73low cells. GL261 cells were stained with PE-con-
jugated antibody against mouse CD73 (1:200; eBioscience, 12– 0731-83)
and washed twice with 1% FBS/PBS. Cells were sorted by a BD Biosci-
ences FACSAria II with the following laser configurations: FSC 250 V,
SSC 160 V, PE 550 V. Data were analyzed using FlowJo software version
10. Sorted cells were collected in 50% FBS in DMEM (10 – 013-CV, Cell-
gro; Corning) and cultured as normal until confluent. CD73 expression
of sorted GL261 CD73low cells was analyzed by flow cytometry 1 d before
implantation in mice.

Survival study. GB-bearing mice were monitored by their weight loss.
They were killed once they lost 20% of their pre-GB implantation weight.

Isolation of primary mouse astrocytes. Primary mouse cerebellar astro-
cytes were isolated following Weinstein (2001). Briefly, cerebella of p4
neonatal C57BL/6 mice were ground with a Dounce homogenizer, cen-
trifuged through 30% and 60% Percoll gradients, and astrocytes were
enriched at the medium and 30% Percoll interphase. Differential adhe-
sion was performed to enrich the astrocyte population. Primary astro-
cytes were cultured in DMEM (10 – 013-CV, Cellgro; Corning) with 10%
FBS and 100 units/ml penicillin/streptomycin at 37°C/5% CO2 in 6-well
plates or on coverslips in 96-well plates in a humidified incubator
until confluent. Primary astrocytes were stained with the astrocyte
marker GFAP and the neuronal marker NeuN following the immu-
nofluorescent staining protocol to verify that they were GFAP-
positive and NeuN-negative.

Western blotting. Protein concentrations of GL261 and U251 whole-
cell lysates and brain tissue homogenates from sham or GB-implanted
mice were measured with the Dc Protein Assay (Bio-Rad); 5 �g of sam-
ples were loaded onto an 8% or 10% SDS acrylamide gel and separated

for 1 h. Samples were transferred to a nitrocellulose membrane and then
blocked with 1% BSA/tris-buffered saline with Tween 20 (TBST). Mem-
brane was incubated with antibodies against A1 AR, A2A AR, A2B AR, A3

AR, P-gp, CD73, and VEGFA (1:2000; Alomone Labs, AAR-006, AAR-
002, AAR-003, AAR-004; 1:1000, GeneTex, GTX108354; 1:2000, Abgent,
AP2014b; 1:1000; Abcam, ab46154, respectively) overnight at 4°C. Mem-
brane was then washed three times with TBST and incubated with HRP-
conjugated secondary antibody for 1 h at room temperature. Following
three TBST washes, the membrane was developed using Super Signal
West Pico ECL solution (Thermo Scientific) and imaged with a Konica
SRX-101A Medical Film Processor. Densitometry analysis was per-
formed using ImageJ software. CD73 protein expression inside the GB
was measured by subtracting the CD73 protein level of sham-implanted
WT or CD73 �/� coronal brain sections from CD73 protein level of
GB-implanted WT or CD73 �/� coronal brain sections.

Vessel density and glomeruloid vessel quantification. Brain sections were
stained for CD31-positive vessels following the immunohistochemistry
staining protocol described above. Vessel density was quantified by man-
ually counting the number of CD31-positive vessels per area (1.5 mm 2).
Glomeruloid vessels were identified by their multiple lumens in the
thickened vessel wall and quantified by manually counting the number of
glomeruloid vessels per area (1.5 mm 2).

qRT-PCR. Brain mRNA was extracted with TRIzol reagent (Invitro-
gen) and cDNA was synthesized with High-Capacity cDNA Reverse
Transcription Kits (Applied Biosystems) according to the manufactur-
ers’ protocols. qRT-PCR was performed with specific primers (sequences
included below) and KAPA SYBR FAST qPCR Kit (KAPA Biosystems)
according to the manufacturer’s protocol. qRT-PCR was done on a Bio-
Rad CFX96 Real-Time System C1000 Thermal Cycler. Gene expression
levels were analyzed using GAPDH as a reference gene and normalized to
controls using the 2 ���CT method. The following qRT-PCR primers
were used: mouse MMP9 forward 5�-GCCCTGGAACTCACAC-
GACA-3� and reverse 5�-TTGGAAACTCACACGCCAGAAG-3�; mouse
MMP2 forward 5�-AAGGATGGACTCCTGGCACATGCCTTT-3� and
reverse 5�-ACCTGTGGGCTTGTCACGT-GGTGT-3�; mouse TIMP1
forward 5�-CCAGAGCCGTCACTTTGCTT-3� and reverse 5�-AGGAA
AAGTAGACAGTGTTCAGGCTT-3�;mouseTIMP2forward5�-ACGCT
TAGCATC-ACCCAGAAG-3� and reverse 5�-TGGGACAGCGAGT
GATCTTG-3�; human Pgp forward 5�-GCTCCTGACTATGCCAA
AGC-3� and reverse 5�-TCTTCACCTCCAGGCTCAGT-3�; mouse
GAPDH forward 5�-CATGGCCTTCCGTGTTCCTA-3� and reverse 5�-
GCGGCACGTCAGAT-CCA-3�; and human GAPDH forward 5�-
GGTGGTCTCCTCTGACTTCAACA-3� and reverse 5�-GTTGCTGTAG
CCAAATTCGTTGT-3�.

MMP activity measurement. MMP activity was measured according to
the manufacturer’s protocol using the SensoLyte 520 Generic MMP As-
say Kit (AnaSpec, AS-71158). Briefly, A2B AR antagonist-treated GL261
cells were collected in assay buffer and brain tissues from sham or GB-
implanted mice were homogenized in assay buffer and centrifuged to
remove debris. Protein concentrations were measured with the Dc Pro-
tein Assay (Bio-Rad); 400 �g of protein from each brain sample and 55.7
�g of protein from each A2B AR antagonist-treated GL261 sample were
incubated with MMP substrate (fluorescence resonance energy transfer
peptide) for 1 h at room temperature in the dark. Fluorescence intensity
was measured at Ex/Em � 490 nm/520 nm with BioTek Synergy 4. Con-
centrations of cleaved MMP substrate were calculated by a standard
curve and normalized to sham-implanted CTs.

A2B AR agonist and antagonist treatment on GB cell lines. GL261 and
U251 cells were grown in 6- or 12-well plates until confluent. Culture
medium was replaced with A2B AR agonist (BAY 60 – 6583; Tocris Bio-
science) or antagonist (PSB 603; Tocris Bioscience) diluted in culture
medium at concentrations tested to have an optimal inhibition effect for
the GL261 and U251 cells (0.1, 10, or 100 �M) or DMSO for 24 h. Cells
were washed twice with PBS and then lysed with 1% Igepal CA-630 lysis
buffer or with TRIzol (Invitrogen) to collect protein or mRNA for West-
ern blotting or qRT-PCR analysis.

Rhodamine 123 (rho-123) uptake assay. GL261 cells were grown in
96-well plates or coverslips until confluent and treated with rho-123 (2.5
�M) and DMSO or PSB 603 (10 – 400 �M) for 4 to 24 h. Cells were then
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washed with ice-cold PBS to remove extracellular rho-123. Cells in 96-
well plates were lysed with 1% Igepal CA-630 lysis buffer to measure
rho-123 and protein concentration with BioTek Synergy 4. Cells on cov-
erslips were fixed and stained with anti-P-gp antibody following the
immunofluorescence staining protocol.

GL261 temozolomide (TMZ) survival assay. GL261 cells grown in 12-
well plates were treated with DMSO (0.54%), TMZ (30 �M), PSB 603
(100 �M), and TMZ (30 �M) � PSB 603 (100 �M) for 72 h. TMZ stock
was prepared by dissolving TMZ in DMSO (20 g/ml). Both adherent cells
and cells in suspension were collected and stained with 4% Trypan blue
and viable/dead cell numbers were counted with a hemacytometer.

Experimental design and statistical analysis. All mice used in this study
were age-matched male mice assigned randomly into sham or GB-
implanted groups. All statistical analyses were performed on GraphPad
Prism 6.0 software. p-values were calculated using one-way ANOVA
followed by Bonferroni’s post hoc test, two-way ANOVA followed by
Tukey’s post hoc test, or an unpaired 2-tailed Student’s t test. A p-value of
	0.05 was considered significant. Immunofluorescent intensity quanti-
fications were performed using Zen software. Positive pixel count anal-
yses were performed using ImageScope analysis program. Densitometry
analysis for Western blot results was performed using ImageJ software.

Availability of data. The datasets used and/or analyzed during the cur-
rent study are available from the corresponding author upon request.
The CD73-FLK mouse is available upon request.

Results
GB cells express CD73 and upregulate their own CD73 in
CD73 �/� mice
To investigate whether GB expressed CD73, we first quantified
CD73 expression in vitro on glioma cell lines. Both mouse GL261
and human U251 glioma cell lines expressed CD73 at 30.4% and
93.4%, respectively (Fig. 1A,B; SD � 13.45 and 13.46, respec-
tively). Because CD44 is commonly expressed on GL261 cells, it
was used as an additional marker for GL261 identification. We
observed that 9.2% of GL261 cells coexpressed CD44 and CD73
(Fig. 1C; SD � 1.43). We then intracranially implanted mouse
GL261 glioma cells or saline (sham) into C57BL/6 WT or
CD73�/� mice to determine whether host CD73 contributed to
GB pathogenesis or if CD73 expression on GB (GB-CD73) alone
was sufficient to promote GB pathogenesis.

Sham-implanted and naive WT mice expressed abundant
CD73 in specific brain regions, especially in the caudoputamen
(Fig. 1D,E; p 	 0.0001, t � 20.04, df � 16, t test, Fig. 1G,H; p 	
0.0001, t � 38.42, df � 15, t test), but not in other areas such as
the cortex (Fig. 1D,F; p � 0.2544, t � 1.185, df � 16, t test). This
was compared with the absence of CD73 in sham-implanted and
naive CD73�/� mice (Fig. 1D,E; p 	 0.0001, t � 20.04, df � 16,
t test, Fig. 1G,H; p 	 0.0001, t � 38.42, df � 15, t test). More
importantly, GB-CD73 was significantly upregulated in GB-
bearing CD73�/� mice (Fig. 1 I, J; p � 0.0399, t � 2.236, df � 16,
t test). We also calculated GB-CD73 protein level by subtracting
the GAPDH normalized CD73 level in sham WT or CD73�/�

mice from the GAPDH normalized CD73 level in respective GB-
bearing mice and compared the fold change over sham WT mice
(Fig. 1K; p � 0.004, t � 6.399, df � 7, t test). We found a signif-
icant increase in GB-CD73 in CD73�/� mice compared with WT
mice (Fig. 1K; p � 0.004, t � 6.399, df � 7, t test). To investigate
whether GB-CD73 was expressed on the cell surface, we per-
formed flow cytometry analysis on tumor cells isolated 3 weeks
after GB implantation and found a similar percentage of CD73�

GB cells from both the permeabilized and nonpermeabilized cell
populations (Fig. 1L; p � 0.096, t � 2.168, df � 4, t test). How-
ever, the median fluorescent intensity was significantly increased
in permeabilized GB cells (Fig. 1M,N; p � 0.003, t � 6.415, df �
4, t test). This indicated that CD73 was expressed both on the cell

surface and in the cytoplasm of CD73� GB cells. The increased
GB-CD73 expression in GB-bearing CD73�/� mice suggests that
GB either upregulates GB-CD73 expression to compensate for
the absence of host CD73, or that CD73-expressing GB cells are
positively selected in the absence of host CD73. This is critical
because it suggests that CD73 plays a substantial role in GB
pathogenesis and that host CD73 contributes to GB pathogenesis.

Host CD73 promotes GB growth and invasiveness
To test the hypothesis that host CD73 promoted GB pathogene-
sis, we harvested brains from GB-bearing WT and CD73�/� mice
and quantified GB size 17 d or 3 weeks after GB implantation. GB
cells were identified by nuclear atypia, such as nuclear enlarge-
ment, pleomorphism, and hyperchromasia. The tumor border
was defined as a distinct area that distinguishes between the non-
neoplastic tissue and the GB tissue. GB tissue also showed distinc-
tive tissue discoloration under H&E staining, making the tumor
edge easy to identify. We found that WT mice consistently harbor
significantly larger tumors compared with CD73�/� mice 3
weeks after implantation (Fig. 2A,B; p � 0.0130, t � 2.960, df �
11, t test); this was despite the increase in GB-CD73 in CD73�/�

mice, indicating that GB-CD73 cannot fully compensate for the
lack of host CD73. GB size at day 17 after implantation also
showed a similar trend of reduced GB size in CD73�/� mice, but
this was not significantly different at this time point (Fig. 2C,D;
p � 0.58, t � 0.59, df � 4, t test). In addition to the size difference,
the tumors in WT mice were more invasive 3 weeks after implan-
tation; they penetrated the meninges and invaded other non-
neoplastic areas, whereas GBs in CD73�/� mice remained
mainly at the site of GB implantation (Fig. 2A). Because GBs
generally do not metastasize but tend to invade surrounding tis-
sues (characterized by tumor cells infiltrating non-neoplastic ar-
eas (Ahluwalia et al., 2010), we scored GB invasion based on
meningeal invasion percentage, invasion area percentage, and
distance from the invaded cells to the edge of the tumor (Guil-
lamo et al., 2009; Williams et al., 2011). GBs in CD73�/� mice
were significantly less invasive 3 weeks after implantation (Fig.
2A,E; p � 0.0003, F(2,28) � 10.77, ANOVA), suggesting that de-
spite increased GB-CD73, the lack of host CD73 critically hin-
dered GB invasiveness in CD73�/� mice.

Vascular expression of CD73 increases GB invasiveness
To investigate how host CD73 promoted GB invasiveness in WT
mice, we generated a CD73-FLK mouse model in which we en-
forced CD73 expression under the flk promoter (Fig. 2F) that was
specific for endothelial cells in CD73�/� mice. Alexiades et al.
(2015) have shown that flk is expressed on neuronal stem cells;
therefore, we double stained naive CD73-FLK brain tissue with
the stem cell marker CD133 and CD73. However, we did not
observe CD73 expression on neuronal stem cells in CD73-FLK
mice (Fig. 2G). We confirmed CD73 expression on the vascula-
ture in CD73-FLK mice by immunohistochemical staining (Fig.
2H). CD73 was observed on vascular structures in areas such as
the dentate gyrus in CD73-FLK mice, but not in WT mice (Fig.
2H), because WT endothelial cells do not express detectable lev-
els of CD73 in vivo (Mills et al., 2008; Bynoe et al., 2015). Because
GB naturally tends to invade along vascular beds (Watkins et al.,
2014; Sadeghi Fazel et al., 2018) and host CD73 promotes GB
invasiveness, we hypothesized that increased host CD73 along the
vascular beds would further enhance GB invasiveness. Indeed, we
found that GBs in CD73-FLK mice were significantly more inva-
sive than GBs in WT mice at both 17 d and 3 weeks after implan-
tation (Fig. 2A,C,E; p � 0.0003, F(2,28) � 10.77, ANOVA, and I;
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Figure 1. GB expresses CD73 in vitro and upregulates GB-CD73 in CD73 �/� mice in vivo. A, B, Representative flow cytometry analysis of CD73 expression on GL261 (A) and U251 (B) GB cell lines.
Data are representative of three experiments. C, Representative flow cytometry analysis of CD44 and CD73 expression on GL261. Data are representative of three experiments. D, G, Representative
images of sham-implanted (D) and naive (G) mice brain sections stained with anti-CD73 antibody (brown) (n � 3). E, F, H, Quantification of CD73 expression in caudoputamen or cortex of
sham-implanted or naive mice was performed by measuring positive pixel count using ImageScope analysis program (n � 3, three images analyzed/sample, Student’s two-tailed t test). I,
Representative images of brain sections from GL261-implanted mice stained with anti-CD73 antibody (brown) (n � 3– 4). J, Quantification of CD73 expression inside tumors was performed by
measuring positive pixel count using ImageScope analysis program (n � 3– 4, 3 images analyzed/sample, Student’s two-tailed t test). K, Densitometry quantification of CD73 protein expression
inside tumors using ImageJ, normalizing to GAPDH and sham CTs (n � 4 –5, Student’s two-tailed t test). L, M, N, Flow cytometry analysis of CD73 expression percentage (L) (n � 3, Student’s
two-tailed t test), histogram (M ), and median fluorescent intensity quantification (N ) (n � 3, Student’s two-tailed t test) on disassociated tumor from GB-bearing WT mice 3 weeks after
implantation (n � 3, Student’s two-tailed t test). Data are shown as mean 
 SEM. *p 	 0.05, **p � 0.01, ***p � 0.001, ****p 	 0.0001, ns, Nonsignificant.
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Figure 2. Host CD73 promotes GB growth and invasion. A, C, Representative H&E-stained brain sections from GL261- or sham-implanted mice 3 weeks after implantation (A) (n � 6 –7 per
group) or 17 d after implantation (C) (n � 3 per group). Solid black lines are tumor borders. B, E, Quantification of H&E-stained brain sections (n � 6 –7 per group, Student’s two-tailed t test and
one-way ANOVA, respectively). B, D, M, Tumor size is quantified by percentage of tumor area as follows: (tumor area/brain section area) � 100. E, I, N, Tumor invasiveness was scored based on
invasion area, invasion distance, and meningeal invasion. (D, I, M, N ) (n � 3 per group, Student’s two-tailed t test for D, M, and N and one-way ANOVA for I ). F, Schematic of CD73-FLK mice
transgene construct. FW, Forward; RV, reverse. G, Representative images of naive CD73-FLK mice brain sections stained with anti-CD73 antibody (red), CD133 (green), and DAPI (blue) (n � 3). H,
Representative images of sham-implanted WT and CD73-FLK mice brain sections stained with anti-CD73 antibody (brown) (n � 3). J, CD73-negative gating used for sorting GL261 cells. K, Flow
cytometry analysis of CD73 expression on GL261 CD73low cells. L, H&E-stained brain sections from GL261 CD73low-implanted mice 3 weeks after implantation (n � 3). Solid black lines are tumor
borders. O, GL261-implanted mice survival (n � 5–9 per group, Log-rank test). Data are shown as mean 
 SEM. *p 	 0.05, ns, Nonsignificant.
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p � 0.0288, F(2,6) � 6.783, ANOVA). This indicates that host
CD73 expression on the vasculature significantly increases GB
invasion when it is the only source of host CD73.

Host CD73 contributes more significantly to GB growth and
invasiveness than GB-CD73
To investigate whether GB-CD73 contributed to GB growth and
invasiveness in addition to host CD73, we sorted GL261 mouse
glioma cells and selected only CD73-negative cells (referred to as
GL261 CD73low) for implantation (Fig. 2J). GL261 CD73low cells
were cultured until confluent and were implanted into WT or
CD73�/� mice (cells were 98.4% CD73-negative at the time of
implantation (Fig. 2K)). Three weeks after implantation, brain
tissues from GB-bearing mice were analyzed by H&E staining.
We found that tumors from GL261 CD73low-implanted CD73�/�

mice were significantly smaller than those from GL261 CD73low-
implanted WT mice (Fig. 2L,M; p � 0.0379, t � 3.052, df � 4, t
test). Despite the difference in tumor size between WT and
CD73�/� mice, the tumors were similar in size compared with
their unsorted GL261-implanted counterparts (Fig. 2B; p �
0.0130, t � 2.960, df � 11, t test). This suggests that host CD73
plays a greater role in promoting GB growth than GB-CD73.
Interestingly, tumors from GL261 CD73low-implanted WT and
CD73�/� mice and unsorted GL261-implanted WT mice all had
similar invasion scores (Fig. 2E; p � 0.0003, F(2,28) � 10.77,
ANOVA, and 2N; p � 0.4167, t � 0.9050, df � 4, t test). This
suggests that GB-CD73 does not contribute significantly to GB
invasiveness in WT mice and that, in the absence of both GB-
CD73 and host CD73, other pathways regulating GB invasiveness
may be induced to promote GB pathogenesis.

Absence of host CD73 prolongs the survival of GB-
bearing mice
To determine whether the reduction in GB size and invasiveness
in GB-bearing CD73�/� mice was enough to increase survival in
GB-bearing mice, we implanted GL261 in WT, CD73�/�, and
CD73-FLK mice; these mice were killed after they lost 20% of
their initial weight. We found that GB-bearing CD73�/� mice
had a significant increase in survival compared with GB-bearing
CD73-FLK mice (Fig. 2O; p � 0.0362, df � 2, log–rank test). This
indicates that, in the absence of host CD73, GB is less pathogenic
and thus prolongs survival in GB-bearing mice.

Absence of host CD73 inhibits GB angiogenesis and promotes
glomeruloid vessel formation
Because GB size was significantly reduced in CD73�/� mice and
angiogenesis is a key factor in regulating tumor growth, we next
investigated whether host CD73 regulated GB angiogenesis. We
found a significant decrease in vessel density within the tumors of
CD73�/� and CD73-FLK mice (Fig. 3A,B; p 	 0.0001, F(5,37) �
16.37, ANOVA). Interestingly, compared with WT mice, the ves-
sel diameter and the number of glomeruloid vessels within the
tumors were increased in CD73�/� and CD73-FLK mice (Fig.
2A,C; p � 0.0140, F(2,12) � 6.228, ANOVA, and Fig. 2D; p �
0.0036, F(2,32) � 6.740, respectively, ANOVA). Because glomeru-
loid vessels are formed by highly proliferative endothelial cells
(Sundberg et al., 2001), we investigated whether these GBs
showed increased expression of the proliferation marker Ki-67.
Indeed, Ki-67 expression was upregulated in glomeruloid vessels
compared with nonglomeruloid vessels in GB (Fig. 3E,F; p �
0.0001, t � 4.007, df � 91, t test). In addition to nuclear Ki-67
staining, we also observed a high Ki-67 expression outside of the
nucleus in glomeruloid vessels. Even though Ki-67 is mainly

found in the nucleus, membrane and cytoplasmic Ki-67 expres-
sion have been found in other cancers, including breast cancer
and laryngeal squamous cell carcinoma (Grzanka et al., 2000;
Faratian et al., 2009). Therefore, the cytoplasmic Ki-67 expres-
sion observed in glomeruloid vessels was likely real. This increase
in Ki-67 expression indicates that increased GB-CD73 in
CD73�/� mice and increased host CD73 on the vasculature in
CD73-FLK mice promote intravascular endothelial cell prolifer-
ation. However, in the absence of the full complement of host
CD73 (such as in WT mice), proliferating endothelial cells can-
not adequately form new vessels, suggesting that both GB-CD73
and host CD73 regulate GB angiogenesis.

Host CD73 promotes GB angiogenesis via regulating VEGF
and �-dystroglycan
We next investigated whether CD73 regulated angiogenesis-
related factors that contributed to the dramatic differences ob-
served in GB vessel phenotype between GB-bearing WT and
CD73�/� mice. We found that VEGF closely lined GB-associated
blood vessels in CD73-FLK mice (Fig. 4A), supporting its role in
GB angiogenesis. Further, we observed increased VEGF expres-
sion on GBs in CD73�/� mice (Fig. 4B,C; p 	 0.0001, F(3,276) �
33.32, ANOVA, and Fig. 4D; p � 0.0084, F(3,18) � 5.316,
ANOVA), which could lead to intravascular proliferation and
increased glomeruloid vessels. This also suggests that increased
GB-CD73 in GB-bearing CD73�/� mice promotes VEGF expres-
sion. However, the decreased vessel number indicates that host
CD73 is critical for GBs to form vascular beds required for their
growth and expansion.

The decrease in vessel density despite increased VEGF in GB-
bearing CD73�/� mice was likely a result of reduced endothelial
cell migration. Therefore, we next investigated the expression of
�-dystroglycan, a membrane receptor that tethers the basement
membranes on vessels to endothelial cells and is involved in an-
giogenesis regulation, endothelial cell migration, and tube for-
mation (Gee et al., 1993; Hosokawa et al., 2002). We observed a
significant increase in �-dystroglycan expression around CD31�

endothelial cells inside GBs in CD73�/� compared with GBs in
WT mice (Fig. 4E,F; p 	 0.0001, F(3,61) � 32.05, ANOVA). This
suggests that host CD73 inhibits �-dystroglycan expression in GB
and that increased �-dystroglycan and VEGF promote glomeru-
loid vessel formation in GB. Further, reduction in �-dystroglycan
expression is also associated with poor prognosis for human GB
(Zhang et al., 2014), suggesting that the absence of host CD73
lead to an improved prognosis for GB patients.

Host CD73 promotes GB angiogenesis and invasiveness
through regulation of MMPs
Because both angiogenesis and invasion require remodeling of
the extracellular matrix, which is often performed by MMP ac-
tivities, we next investigated whether CD73 regulated MMPs
and/or their inhibitors, tissue inhibitor of matrix metalloprotei-
nases (TIMPs). We found MMP2 expression surrounding the
vessels of GB, labeled by CD31 (Fig. 5A,B) and it was significantly
higher in GB-implanted CD73�/� and CD73-FLK mice (Fig. 5C;
p 	 0.0001, F(2,27) � 16.87, ANOVA). Conversely, the MMP2
inhibitor TIMP2 mRNA expression was similar in CD73�/�,
CD73-FLK, and WT GB-implanted mice (Fig. 5D; p � 0.3036,
F(3,22) � 1.287, ANOVA). This suggests that CD73 regulates
MMP2 expression but not TIMP2 expression in GB and that
increased GB-CD73 expression in a host with little or no CD73
promotes MMP2 upregulation.
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Figure 3. Absence of host CD73 inhibits GB angiogenesis and promotes glomeruloid vessel formation. A, Representative images of brain sections from GL261- or sham-implanted mice stained
with anti-CD31 antibody (brown) (n � 4 – 6 per GB-implanted group and n � 2 for sham-implanted group). B, Quantification of vessel number per area (1.5 mm 2) (n � 3– 6 per GB-implanted
group and n � 2 per sham-implanted group, three images analyzed/sample, one-way ANOVA). C, Vessel diameter measured by ImageScope software (n � 4 – 6 per group, three images
analyzed/sample, one-way ANOVA). D, Quantification of glomeruloid vessel number per area (1.5 mm 2) (n � 3–5 per group, 10 vessels analyzed/sample, one-way ANOVA). E, Representative
images of brain sections from GL261-implanted mice 3 weeks after implantation stained with anti-CD31 (green), anti-Ki-67 antibody (red), and DAPI (blue). Arrowheads indicate Ki-67 endothelial
nuclear expression and arrows indicate the absence of Ki-67 expression in endothelial nuclei (n � 3– 4 per group). F, Ki-67 mean fluorescent intensity (MFI) quantified using Zen image analysis
program (n � 10, 3 images analyzed/sample, 3 areas analyzed/image, Student’s two-tailed t test). Data are shown as mean 
 SEM. *p 	 0.05, **p � 0.01, ***p � 0.001, ****p 	 0.0001
(Student’s two-tailed t test and one-way ANOVA).
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We next examined MMP9 in WT and CD73�/� mice and
found strong MMP9 expression lining the tumor’s edge (Fig.
5E–G), which was consistent with its role in GB invasion. Inter-
estingly, MMP9 expression at the edge of the tumor was highest
in CD73-FLK mice (Fig. 5H; p 	 0.0001, F(2,27) � 13.22,
ANOVA), suggesting that the increased MMP9 contributed to
the increased invasiveness observed in these mice (Fig. 2A,C,E;
p � 0.0003, F(2,28) � 10.77, ANOVA, and Fig. 2H; p � 0.0288,
F(2,6) � 6.783, ANOVA) and that host CD73 expression on en-
dothelial cells increased MMP9 expression on the edge of GBs.
Even more interestingly, expression of the MMP9 inhibitor
TIMP1 was significantly higher in GB-implanted CD73�/� mice
(Fig. 5G,I; p 	 0.0001, F(2,187) � 78.35, ANOVA). This indicates
that host CD73 inhibits TIMP1 expression and that MMP9 activ-
ity was inhibited in GB-bearing CD73�/� mice, leading to de-
creased GB invasiveness (Fig. 2A,C,E; p � 0.0003, F(2,28) � 10.77,
ANOVA, and Fig. 2H; p � 0.0288, F(2,6) � 6.783, ANOVA).
Moreover, TIMP1 expression was significantly lower in GB-
bearing CD73-FLK mice compared with WT mice (Fig. 5G,I; p 	
0.0001, F(2,187) � 78.35, ANOVA). This suggests that host CD73
expression on endothelial cells contributes greatly to TIMP1 in-
hibition and results in increased GB invasiveness in CD73-FLK
mice (Fig. 2A,C,E; p � 0.0003, F(2,28) � 10.77, ANOVA, and Fig.
2H; p � 0.0288, F(2,6) � 6.783, ANOVA). Furthermore, to deter-
mine whether MMP activity was altered in our GB models, we in-
cubated tissue homogenates collected from sham and GB-implanted
brain tissues with fluorescence resonance energy transfer (FRET)
MMP substrate peptide as a MMP activity indicator. We found that

MMP activity was significantly lower in homogenates from GB-
bearing CD73�/� mice (Fig. 5J; p � 0.0465, df � 11, t � 2.242, t
test). This indicates that, despite the increase in MMP2 expression,
the overall MMP activity in GB-bearing CD73�/� mice is decreased
compared with GB-bearing WT mice. This suggests that host CD73
regulates MMP activity in GB, including increasing MMP9 expres-
sion and inhibiting TIMP1 to promote GB invasiveness. Therefore,
increased GB-CD73 alone cannot compensate for the lack of host
CD73 in regulating MMP activity.

GB upregulates the A2B AR in vivo
To elucidate whether CD73 regulates GB pathogenesis through
AR signaling, we first compared AR expression on GBs with AR
expression on mouse primary astrocytes from which GB cells
originated. The primary astrocytes we isolated expressed the as-
trocyte marker GFAP, but not the neuronal marker NeuN (Fig.
6A). GL261 cells in vitro expressed A1, A2A, and A2B ARs at levels
similar to that of primary astrocytes, whereas A3 AR was ex-
pressed at a much lower level (Fig. 6B; p � 0.0002, t � 12.73, df �
4, t test). Similarly, the human U251 GB cells expressed all four
ARs (Fig. 6C). When we examined AR expression on sham or
GB-implanted mice brain sections, A1 and A3 AR expression was
similar between sham mice and inside GBs in both WT and
CD73�/� mice (Fig. 6D,E,G; p � 0.0043, F(3,153) � 4.557,
ANOVA). A2A AR expression was lower in GB-bearing CD73�/�

mice, but it was not significantly different between GB and sham-
implanted WT mice (Fig. 6F,G; p � 0.0043, F(3,153) � 4.557,
ANOVA). However, we found that the A2B AR expression was

Figure 4. Host CD73 promotes GB angiogenesis via regulating VEGF and �-dystroglycan. A, B, Representative images of brain sections from GL261- or sham-implanted mice stained with
anti-CD31 (green), anti-VEGF antibody (red), and DAPI (blue) (n � 4 –5 per GB-implanted group and n � 2 per sham-implanted group). C, VEGF mean fluorescent intensity (MFI) quantified using
Zen image analysis program (n � 4 –5 per GB-implanted group and n � 2 per sham-implanted group, 2– 6 images analyzed/sample, one-way ANOVA). D, Western blot densitometry analysis of
VEGF (n � 5–7 per group, one-way ANOVA). E, Representative images of brain sections from GL261- or sham-implanted mice (3 weeks after implantation) stained with anti-CD31 (green),
anti-�-dystroglycan antibody (red), and DAPI (blue); images taken from inside the tumor (n � 3– 4 per GB-implanted group and n � 2 per sham-implanted group). F, �-dystroglycan MFI inside
the tumor quantified using Zen image analysis program (n � 3– 4 per GB-implanted group and n � 2 per sham-implanted group, five areas analyzed/sample, one-way ANOVA). Data are shown
as mean 
 SEM. *p 	 0.05, ****p 	 0.0001.
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Figure 5. CD73 regulates MMP2, MMP9, and TIMP1 to promote GB invasiveness and angiogenesis. A, Representative images of brain sections from GL261- or sham-implanted mice (3 weeks after
implantation) stained with anti-CD31 (green), anti-MMP2 antibody (red), and DAPI (blue) (n � 3– 4 per GB-implanted group and n � 2 per sham-implanted group). B, Representative images of
brain sections from GL261- or sham-implanted mice (3 weeks after implantation) stained with anti-MMP2 antibody (brown) (n � 3– 4 per GB-implanted group and n � 2 per sham-implanted
group). C, MMP2 immunohistochemistry staining positive pixel count was quantified using ImageScope analysis program (n � 3– 4 per group, three images analyzed/sample, one-way ANOVA).
D, qRT-PCR analysis of TIMP2 mRNA collected from GL261- or sham-implanted mice (3 weeks after implantation) (n � 8 –11 per GB-implanted group and n � 2–3 per sham-implanted group,
one-way ANOVA). E, Representative images of brain sections from GL261- or sham-implanted mice (3 weeks after implantation) stained with anti-MMP9 antibody (green) and DAPI (blue); images
taken from the edge of the tumor (n � 3– 4 per GB-implanted group and n � 2 per sham-implanted group). F, Representative images of brain sections from GL261- or sham-implanted mice (3
weeks after implantation) stained with anti-MMP9 antibody (brown) (n � 3– 4 per GB-implanted group and n � 2 per sham-implanted group). G, Representative images of brain sections from
GL261- or sham-implanted mice (3 weeks after implantation) stained with anti-TIMP1 (green), anti-MMP9 antibody (red), and DAPI (blue); images taken from the edge of the tumor (n � 4 –5 per
GB-implanted group and n � 2 per sham-implanted group). H, MMP9 immunohistochemistry staining positive pixel count on the tumor edge quantified using ImageScope analysis program (n �
3– 4 per group, three images analyzed/sample, one-way ANOVA). I, TIMP1 MFI in brain sections quantified using Zen image analysis program (n � 4 –5, three images analyzed/sample, one-way
ANOVA). J, MMP activity of brain tissue homogenates from GB-bearing mice (3 weeks after implantation) normalized to sham-implanted CTs (n � 4 –7, Student’s two-tailed t test). Data are shown
as mean 
 SEM. *p 	 0.05, **p � 0.01, ****p 	 0.0001.
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Figure 6. GB upregulates A2B AR, and signaling through A2B AR promotes MMP2 expression on GB. A, Representative image of primary astrocyte stained with anti-GFAP antibody (red), anti-NeuN
(green), and DAPI (blue). B, Densitometry quantification of ARs protein expression in GL261 cells and in primary mouse astrocytes using ImageJ and normalizing to GAPDH (n � 3, Student’s
two-tailed t test). C, Western blot analysis of ARs on human U251 cells (n � 4). D–F, Representative images of brain sections from GL261- or sham-implanted mice (3 weeks after implantation)
stained with anti-GFAP antibody (red), DAPI (blue), and anti-A1 AR (green) (D), anti-A3 AR (E), or anti-A2A AR (F ) (n � 3– 4 per group). G, Number of ARs per microscopic field (n � 3– 8 per group,
two-way ANOVA). H, Representative images of brain sections from GL261- or sham-implanted mice (3 weeks after implantation) stained with anti-A2B AR (green), anti-GFAP antibody (red), and
DAPI (blue) (n � 5– 6 per GB-implanted group and n � 2 per sham-treated group). I–L, qRT-PCR analysis of MMP2 (I ), MMP9 (J ), TIMP1 (K ), and TIMP2 (L) mRNA from GL261 treated with BAY
60 – 6583 (n � 6, one-way ANOVA for I–L). M, MMP FRET activity of GL261 cells treated with BAY 60 – 6583 (n � 6, one-way ANOVA). Data are shown as mean 
 SEM. *p 	 0.05, **p � 0.01,
***p � 0.001, ****p 	 0.0001.
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significantly upregulated by almost 20-fold in GB compared with
sham in vivo, whereas very little expression was found on astro-
cytes in sham-implanted mice stained with the astrocyte marker
GFAP (Fig. 6F; p � 0.0043, F(3,153) � 4.557, ANOVA, and Fig.
6H). This indicates that astrocytes express very low levels of A2B

AR in vivo, whereas transformed GB cells highly upregulate A2B

AR in vivo. This is consistent with previous reports of low or
diminished A2B AR expression under basal conditions (Haskó et
al., 2009). Because A2B AR is often activated under pathological
conditions (in the micromolar range) and it was highly upregu-
lated in GBs in vivo, we further investigated the role that A2B ARs
play in GB pathogenesis.

GB A2B AR signaling increases MMP2 mRNA expression and
MMP activity
To investigate whether CD73 promotes GB MMP activity
through A2B AR signaling, we treated mouse GL261 glioma cells
with the A2B AR agonist BAY 60 – 6583 and found that activation
of the A2B AR upregulated MMP2 mRNA expression (Fig. 6I; p �
0.0040, F(2,14) � 8.412, ANOVA). This suggests that the upregu-
lation of GB-CD73 in CD73�/� mice (Fig. 1J; p � 0.0399, t �
2.236, df � 16, t test) increases A2B AR signaling on GBs, which
leads to increased MMP2 expression in GBs in CD73�/� mice.
We found no difference in MMP9, TIMP1, and TIMP2 mRNA
levels in GL261 cells upon A2B AR agonist treatment (Fig. 6J; p �
0.8896, F(2,15) � 0.1178, ANOVA, Fig. 6K; p � 0.8343, F(2,15) �
0.1834, ANOVA, and Fig. 6L; p � 0.2283, F(2,15) � 1.633,
ANOVA). This suggests that the increased MMP9 in GB-bearing
CD73-FLK mice and the increased TIMP1 in GB-bearing
CD73�/� mice are not regulated by A2B AR signaling on GB cells.
Because TIMP2 expression was not altered in vivo in GB-bearing
CD73�/� mice or in vitro through A2B AR signaling on GBs, it is
plausible that TIMP2 is not regulated by CD73. To determine
whether changes in MMP2 mRNA expression induced by A2B AR
led to changes in MMP activity, we treated the mouse glioma cell
line GL261 with the A2B AR antagonist PSB 603 and the FRET
MMP substrate peptide as a MMP activity indicator. We found
that A2B AR antagonist significantly decreased GL261 MMP ac-
tivity (Fig. 6M; p � 0.0216, F(2,15) � 5.010, ANOVA), suggesting
that A2B AR signaling on GB cells contributed to the regulation of
GB-MMP activity.

A2B AR signaling blockade downregulates GB multidrug
resistance (MDR) transporter function and increases GB
chemosensitivity
GB is resistant to most chemotherapy partly because it highly
expresses MDR transporters such as P-glycoprotein (P-gp) and
multidrug resistance-associated protein (MRP1) (Calatozzolo et
al., 2005) (Fig. 7A,B), which expel chemotherapeutic drugs from
tumor cells. We have shown that activation of A2A AR increases
BBB permeability by modulating P-gp function in brain endo-
thelial cells (Carman et al., 2011; Kim and Bynoe, 2015, 2016).
Because P-gp, MRP1, and A2B AR were all highly upregulated in
GB in vivo (Fig. 7C; p 	 0.0001, F(3,71) � 17.15, ANOVA, Fig. 7D;
p 	 0.0001, F(3,77) � 28.34, ANOVA, Fig. 7F; p � 0.0043, F(3,153)

� 4.557, ANOVA, and Fig. 7G) and that MRP1 and P-gp expres-
sion were significantly higher in GB in CD73�/� mice (Fig. 7C;
p 	 0.0001, F(3,71) � 17.15, ANOVA and Fig. 7D; p 	 0.0001,
F(3,77) � 28.34, ANOVA), we hypothesized that signaling
through A2B AR induced the upregulation of P-gp and/or MRP1
in GB. Indeed, treatment of GL261 cells with an A2B AR specific
antagonist (PSB 603) dose dependently decreased both P-gp and
MRP1 protein expression (Fig. 7E; p � 0.0002, F(2,19) � 14.15,

ANOVA and Fig. 7F; p � 0.0123, F(2,6) � 9.980, ANOVA). More-
over, A2B AR antagonist treatment of U251 cells also resulted in a
significant decrease in P-gp mRNA expression levels (Fig. 7G; p �
0.0188, F(2,5) � 9.748, ANOVA), indicating that A2B AR signaling
regulated MDR transporters both in human and mouse GB. This
suggests that the increased GB-CD73 in CD73�/� mice (Fig. 1J;
p � 0.0399, t � 2.236, df � 16, t test) results in increased activa-
tion of A2B AR and thus increases P-gp and MRP1 in GB in
CD73�/� mice (Fig. 7C; p 	 0.001, F(3,71) � 17.15, ANOVA and
Fig. 7D; p 	 0.001, F(3,77) � 28.34, ANOVA).

To investigate whether inhibition of A2B AR signaling leads to
increased P-gp substrate uptake, we concomitantly treated
GL261 cells with the P-gp substrate rho-123 and the A2B AR
antagonist PSB 603 and measured intracellular rho-123 uptake
(Fig. 7H). We found that inhibition of A2B AR led to increased
intracellular rho-123 concentrations in the tumor cells (Fig. 7 I, J;
p � 0.0277, t � 2.889, df � 6, t test), suggesting that inhibiting
A2B AR signaling led to increased intracellular accumulation of
P-gp substrate by downregulating P-gp expression. Because
CD31� endothelial cells in GBs strongly upregulated P-gp and
MRP1 (Fig. 7A,B), we hypothesized that GBs regulated MDR
transporters on host endothelial cells by signaling through A2B

AR to promote GB chemoresistance. We found that inhibition of
A2B AR on primary mouse brain endothelial cells also downregu-
lated P-gp expression (Fig. 7K; p � 0.0414, F(2,4) � 7.829,
ANOVA), suggesting that increased extracellular adenosine level
during pathological conditions (Haskó et al., 2009), such as in the
GB microenvironment, could potentially alter host endothelial
cells of the BBB through A2B AR and alter BBB permeability to
promote chemoresistance.

We next investigated whether A2B AR antagonist treatment
increased GB sensitivity to chemotherapeutic drugs by treating
GL261 cells with TMZ (30 �M), a known P-gp substrate (Veringa
et al., 2013), in the presence or absence of A2B AR antagonist
treatment for 3 d and then quantified the number of live/dead
cells (Fig. 7L). TMZ treatment alone did not increase the percent-
age of dead cells but decreased the total number of cells compared
with controls (Fig. 7M; p 	 0.0001, F(3,8) � 279.9, ANOVA, and
Fig. 7N; p 	 0.0001, F(3,8) � 65.41, ANOVA). This indicated that
GL261 cells were indeed resistant to TMZ-induced cell death and
that the reduction in cell number could be a result of decreased
cell proliferation. However, cotreatment with TMZ and A2B AR
antagonist significantly increased GL261 cell death up to 95%
(Fig. 7M; p 	 0.0001, F(3,8) � 279.9, ANOVA), indicating that GB
cells were more sensitive to chemotherapeutic drugs when A2B

AR signaling was inhibited. These findings suggest that GB uses
A2B AR signaling to upregulate P-gp and MRP1 expression and
increase its chemoresistance. Together, these findings suggest
that CD73 and the A2B AR are potential targets for GB treatment.

Discussion
Purinergic molecules such as adenosine are conserved across spe-
cies and play critical roles in regulating cell survival and prolifer-
ation and mediating communication between glial cells and
neurons in the CNS (Fields and Burnstock, 2006). Studies have
suggested that adenosine plays a significant role in cancer devel-
opment and progression by attenuating the immune response
(Antonioli et al., 2013). However, it was not clear how host and
GB-CD73 affect GB pathogenesis and progression. In this report,
we hypothesized that GBs used the purinergic enzyme CD73 to
promote their growth and development. We further hypothe-
sized that, compared with WT mice, with their full complement
of host CD73, CD73�/� mice would produce smaller GBs. In-
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Figure 7. A2B AR signaling promotes GB MDR transporter expression and enhances its chemoresistance. A, B, Representative images of brain sections from GL261- or sham-implanted mice (3
weeks after implantation) stained with anti-CD31 (green) and anti-P-gp antibody (red) (A) or anti-CD31 (green) and anti-MRP1 antibody (red) (B) (n � 3– 4 per GB-implanted group and n � 2 per
sham-implanted group). C, D, P-gp (C) and MRP1 (D) MFI in brain sections quantified using the Zen image analysis program (n�3– 4 per GB-implanted group and n�2 per sham-implanted group,
three images analyzed/sample, one-way ANOVA for C and D). E, F, Western blot densitometry analysis of P-gp (E) (n � 4 –10 per group) or MRP1 (F ) (n � 2– 4 per group, one-way ANOVA for E
and F ) on GL261 treated with PSB 603. G, qRT-PCR analysis of P-gp mRNA from U251 treated with PSB 603 (n � 3, one-way ANOVA). H, Rho-123 uptake assay procedure. I, Quantification of rho-123
concentration from GL261 cell lysate treated with PSB 603 (400 �M) relative to DMSO control (n � 4, Student’s two-tailed t test). J, GL261 treated with cell culture medium (no-treatment control),
DMSO, or PSB 603 and rho-123 (green) for 4 h and stained with anti-Pgp antibody (red) and DAPI (blue) (n � 3). K, Western blot densitometry analysis of P-gp on primary mouse brain endothelial
cells treated with PSB 603 or DMSO control normalized to GAPDH using ImageJ software (n � 2–3 per group, one-way ANOVA). L, GL261 chemotherapy sensitivity assay procedure. M, N, Cell death
percentage (M ) and live cell concentration (N ) of GL261 cultured with DMSO control, TMZ (30 �M), PSB 603 (100 �M), or the latter two together for 72 h (n � 3, one-way ANOVA for M and N ). Data
are shown as mean 
 SEM. *p 	 0.05, **p � 0.01, ***p � 0.001, ****p 	 0.0001.
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deed, GBs in CD73�/� mice were significantly smaller and less
invasive. Further, we showed that GBs in CD73-FLK mice were
much more invasive than GBs in WT mice. This observation is in
alignment with our hypothesis that host CD73 promotes GB
pathogenesis, including increasing its invasiveness.

We observed that WT mice exhibited a high density of blood
vessels within GBs, whereas GB-bearing CD73�/� mice had
significantly fewer vessels. In addition, vessels in GB-bearing
CD73�/� mice had enlarged lumens and increased glomeruloid
vessel morphology. Glomeruloid vessels are surrounded by mul-
tiple layers of basement membrane and are poorly perfused
(Nagy et al., 2009). The decreased vessel density causes a reduc-
tion in vessel surface area to volume ratio and is likely to result in
insufficient nutrient supply. In sporadic vestibular schwannoma,
vessel density is positively correlated with tumor size and growth
(de Vries et al., 2012). We propose that the decreased vessel den-
sity and increased (layered) basement membrane, combined with
insufficient nutrient supply, in GB-bearing CD73�/� mice con-
tributed to the decreased tumor size.

We observed increased VEGF expression in GB-bearing
CD73�/� mice. Sundberg et al. (2001) have shown that VEGF
delivered by adenovirus in the ears of athymic mice is sufficient to
induce and maintain glomeruloid bodies similar to GB glomeru-
loid vessels. This suggests that the elevated VEGF expression seen
in GB-bearing CD73�/� mice promotes endothelial cell prolifer-

ation and glomeruloid vessel formation. However, increased
�-dystroglycan in GB-bearing CD73�/� mice, but not in WT
mice, suggests that GB endothelial cells in CD73�/� mice are
more tightly associated with the basement membrane. Therefore,
their ability to migrate and form new vessels is limited. We pro-
pose that increased VEGF, which promotes endothelial cell pro-
liferation, along with increased �-dystroglycan expression, which
reduces endothelial cell migration, lead to glomeruloid vessel for-
mation in GBs.

In addition to VEGF and �-dystroglycan, MMP2 has been
shown to regulate GB angiogenesis by promoting vascular
branching (Du et al., 2008). Although we observed increased
MMP2 expression in GB-bearing CD73�/� mice, the overall
MMP activity was decreased compared with GB-bearing WT
mice. This suggested that, in the absence of host CD73, MMP
activity decreased, resulting in reduced vascular branching and
increased glomeruloid vessel formation. This also indicates that
increased GB-CD73 is insufficient to promote angiogenesis in the
absence of host CD73.

The increased GB-CD73 in GB-bearing CD73�/� mice sug-
gests that GB-CD73 and host CD73 have overlapping roles in GB
pathogenesis. When implanted in an environment lacking CD73,
CD73-positive GB cells will be selected and/or GB cells will up-
regulate GB-CD73 to promote their survival. To investigate
whether GB-CD73 contributes to GB pathogenesis, we implanted

Figure 8. Working model describing how CD73 promotes GB pathogenesis. A, Host CD73 promotes GB invasiveness by upregulating MMP9 and inhibiting its inhibitor, TIMP1. B, Host CD73
upregulates angiogenesis by promoting mother vessels to divide into smaller vessels, thereby increasing the vessel density in GB (solid arrows). In the absence of host CD73, GB upregulates GB-CD73
and increases MMP2 expression through A2B AR signaling. GB-CD73 promotes VEGF and �-dystroglycan expression, which leads to intravascular endothelial cell proliferation and glomeruloid vessel
formation in GB (dotted arrows). C, CD73-generated adenosine acts via the A2B AR to promote P-gp and MRP1 upregulation, which results in increased drug efflux, thereby increasing GB
chemoresistance.
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GL261 CD73low cells in WT and CD73�/� mice. Interestingly,
GL261 CD73low-implanted WT and CD73�/� mice did not show
significant alternations in GB growth. This indicates that, al-
though host CD73 and GB-CD73 may have overlapping roles in
regulating GB pathogenesis, host CD73 contributes more signif-
icantly in terms of GB growth.

The tumor microenvironment contributes significantly to tu-
mor development, and host glial cells (astrocytes and microglia)
are major producers of TIMPs, MMPs, and VEGF in the CNS
(Stone et al., 1995; Pagenstecher et al., 1998; Könnecke and Bech-
mann, 2013; Wang et al., 2013). We investigated whether CD73
on host glial cells regulated extracellular matrix remodeling
through MMPs and/or TIMPs to promote GB angiogenesis and
invasion. We observed increased expression of the MMP9 inhib-
itor TIMP1 in GB-bearing CD73�/� mice. TIMP1 was observed
mostly on the edge and outside the borders of GB. This suggests
that TIMP1 is regulated by CD73 expressed on host cells. In
addition, MMP9 expression was the highest in GB-bearing
CD73-FLK mice and TIMP1 expression was the highest in GB-
bearing CD73�/� mice, suggesting that they are both regulated
by CD73. It has been shown that GB-associated microglial cells
are the main contributors of MMP9 and not tumor cells (Hu et
al., 2014). Therefore, because we could not find alteration in
MMP9 and TIMP1 expression by antagonizing the A2B AR on GB
cells, it is more likely that host cells such as astrocytes and micro-
glia are the main producers of MMP9 and TIMP1 in GB-bearing
mice. Because MMP9 expression is mostly observed at the tumor
edge, it is likely that it is the host cells responding to the tumor
and/or the interaction between GB cells and host cells that leads
to increased MMP9 at the tumor edge. This further emphasizes
the importance of the host CD73 in GB pathogenesis.

Additionally, because CD73 is a prominent immune regula-
tor, the host immune response against GB may be significantly
altered in CD73�/� mice. For instance, CD73�/� microglial cells
do not become ramified when exposed to ATP (Matyash et al.,
2017) and this can significantly alter GB pathogenesis. Therefore,
the upregulation of GB-CD73 in CD73�/� mice was unable to
fully compensate for the lack of host CD73 in the host environ-
ment.

We found increased GB P-gp and MRP1 expression in
CD73�/� mice. GB cells were also more sensitive to chemother-
apeutic drugs when GB A2B AR signaling was inhibited. We
showed that A2B AR signaling in GB promotes GB chemoresis-
tance by upregulating P-gp and MRP1. These data suggest that
GB-CD73 is the main driver of GB MDR transporter expression
and show that both host CD73 and GB-CD73 contribute to GB
pathogenesis independently. As a result, when using anti-CD73
antibody or CD73 inhibitor as a treatment, it is important to
know that host and GB may respond to the treatment differently
and that targeting specific cells may help to predict the treatment
outcome.

We showed that A2B AR played a critical role in GB pathogen-
esis. Because A2B AR has a low affinity for adenosine compared
with other adenosine receptors, this further supports the hypoth-
esis that A2B AR is activated during high/pathological adenosine
concentrations (Mundell and Kelly, 1998; Haskó et al., 2009;
Aherne et al., 2011; Daniele et al., 2014) such as during hypoxia
and inflammation. This coincides with our findings of increased
A2B AR in pathological GB conditions compared with sham mice
and its involvement in regulating MMP activity and MDR trans-
porters in GB.

Based on these findings, we propose that GB uses host CD73
to increase MMP9 expression and inhibit TIMP1 to promote GB

invasion (Fig. 8A). Host CD73 also promotes GB angiogenesis by
increasing GB vessel number (Fig. 8B). The absence of host CD73
leads to increased GB-CD73, VEGF, MMP2, and �-dystroglycan
and results in the formation of glomeruloid vessels (Fig. 8B).
Finally, A2B AR signaling on GB cells promotes P-gp/MRP1 ex-
pression and increases GB chemoresistance (Fig. 8C).

GB is the deadliest of all brain tumors, with a median patient
survival up to 16 months, even with treatment (Topkan et al.,
2018). Here, we demonstrated multiple pathways of host and
GB-CD73 contribution to GB pathogenesis, such as GB angio-
genesis, invasion, and its chemoresistance. These studies indicate
that by modulating host CD73, GB-CD73/AR2B AR signaling
may significantly improve treatment and increase the lifespan of
GB patients.
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tion and cancer: a leading role for adenosine. Nat Rev Cancer 13:842– 857.

Bavaresco L, Bernardi A, Braganhol E, Cappellari AR, Rockenbach L, Farias
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K, Jalkanen S, Salmi M (2011) Altered purinergic signaling in CD73-
deficient mice inhibits tumor progression. Eur J Immunol 41:1231–1241.

Yin J, Xu K, Zhang J, Kumar A, Yu FS (2007) Wound-induced ATP release
and EGF receptor activation in epithelial cells. J Cell Sci 120:815– 825.

Zhang B (2012) CD73 promotes tumor growth and metastasis. Oncoimmu-
nology 1:67–70.

Zhang X, Dong XH, Ma Y, Li LF, Wu H, Zhou M, Gu YH, Li GZ, Wang DS,
Zhang XF, Mou J, Qi JP (2014) Reduction of a-dystroglycan expression
is correlated with poor prognosis in glioma. Tumour Biol 35:11621-
11629.

Zhi X, Chen S, Zhou P, Shao Z, Wang L, Ou Z, Yin L (2007) RNA interfer-
ence of ecto-5�-nucleotidase (CD73) inhibits human breast cancer cell
growth and invasion. Clin Exp Metastasis 24:439 – 448.

4402 • J. Neurosci., May 29, 2019 • 39(22):4387– 4402 Yan et al. • CD73 Promotes GB Pathogenesis and Chemoresistance


	CD73 Promotes Glioblastoma Pathogenesis and Enhances Its Chemoresistance via A2B Adenosine Receptor Signaling
	Introduction
	Materials and Methods
	Results
	Discussion
	References


