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Highly-expressed P2X7 receptor promotes growth and
metastasis of human HOS/MNNG osteosarcoma cells via
PI3K/Akt/GSK3f/B-catenin and mTOR/HIF1a/VEGF signaling

Yingchi Zhang, Hao Cheng, Wenkai Li, Hua Wu* and Yong Yang™

Department of Orthopedics, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China

The P2X7 receptor, an ATP-gated ion channel, is critical for cancer cell growth, invasiveness, and angiogenesis. Previous studies
indicate that P2X7 regulates osteoblast proliferation and osteodeposition and that high P2X7 expression has a pro-growth effect
in osteosarcoma. However, how it functions in osteosarcoma cell growth and metastasis is not clear. Thus, we elucidated
molecular mechanisms of P2X7-dependent positive regulation of osteosarcoma cell proliferation, invasion, migration, epithelial
to mesenchymal transition (EMT), and angiogenesis using in vitro and in vivo models. We confirm that P2X7 is highly-expressed
in human osteosarcoma tumor tissues and HOS/MNNG, MG63, U20S, SW1353 and SAOS-2 cell lines. P2X7 receptor stimulation
enhanced HOS/MNNG and SAOS-2 cell proliferation, migration and invasion; but knockdown of P2X7 expression or receptor
inhibition had opposite effects. P2X7 positively regulated glycogen content, epithelial to mesenchymal transition and stemness
of HOS/MNNG cells. P2X7 activation promoted PI3K/Akt/GSK3p3/B-catenin and mTOR/HIF1a/VEGF signaling, thereby mediating
pro-tumor effects of osteosarcoma cells. Consistent with data from in vitro experiments, systemic administration of P2X7 agonist
induced tumor growth, metastasis and tumor-associated bone destruction in osteosarcoma-bearing nude mice, whereas a P2X7
antagonist reversed these effects. Thus, the P2X7 receptor participates in regulation of osteosarcoma growth and metastasis
and we offer evidence that P2X7 may be a promising therapeutic target for treating osteosarcoma.

Introduction
Osteosarcoma is the most common bone cancer that predomi-
nantly affects children and adolescents and it is more likely to
invade and create distant metastases." Despite advances in
multimodal treatments, frequent lung metastasis renders oste-
osarcoma refractory to standard therapies. The overall 5-year
survival duration for osteosarcoma remains >60% for localized
disease, but it is only 10-20% for metastatic disease.”* Thus,
better targeted therapeutics are needed to treat osteosarcoma
to block tumor growth and stop metastasis.

Studies indicate that the tumor interstitium contains increased
extracellular messenger ATP compared to healthy non-tumor

counterparts. Di Virgilio’s group reported relatively high extracel-
lular ATP in tumor microenvironments experimentally induced
tumors, whereas ATP was undetectable in tumor-free healthy tis-
sues.” Tumor-derived ATP is hypothesized to modulate tumor
growth, progression, and the immunosuppressive response, and is
a major source of the immunosuppressant adenosine.” Extracel-
lular ATP, mostly released in response to mechanical stimuli, is a
natural ligand for P2Y metabotropic receptors and P2X ionotro-
pic receptors. The P2X7 receptor is highly expressed in several
malignancies including osteosarcoma and it is implicated in ATP-
mediated cell growth, invasiveness, and angiogenesis. "> The
growth-promoting activity of P2X7 may be related to the
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The ATP-gated ion channel receptor P2X7 is increasingly recognized as a tumor-promoting factor. In this study, P2X7 was found
to be overexpressed in human osteosarcoma tissues and cells, with its activation enhancing osteosarcoma cell proliferation,
migration, and invasion. P2X7 activation further induced epithelial-mesenchymal transition (EMT), affected the stemness of
osteosarcoma cells, and augmented angiogenesis. Experiments in mice showed that P2X7 also induces osteosarcoma-
associated bone destruction. Opposing effects were observed upon P2X7 inhibition. P2X7 activity was influenced in part by
PI3K/Akt/GSK3pB/p-catenin and mTOR/HIF1a/VEGF signaling pathways. The data identify P2X7 as a target for the development

of novel therapeutics against osteosarcoma.

proliferative advantage conferred to tumor cells especially under lim-
ited growth conditions, such as serum and glucose deprivation."*™>
In addition, the P2X7 receptor promotes VEGF release to facili-
tate angiogenesis, cell invasion, and metastasis.'>'®'” Numerous
studies indicate that P2X7 is overexpressed in several cancers;'®°
however, tumor-promoting pathways activated by P2X7 are not
completely unraveled.

The phosphatidylinositol 3-kinase (PI3K)/Akt/mammalian
target of rapamycin (mTOR) signaling pathway is known to
contribute to many human cancers, including osteosar-
coma.*"** Moreover, PI3K/Akt/mTOR signaling regulates
tumor cell growth and angiogenesis by inducing expression of
hypoxia inducible factor (HIF) la and VEGE.>?* s. Jeffrey’s
group recently reported that P2X7 receptor activation upregu-
lated the canonical Wnt/B-catenin pathway via increased phos-
phorylation and inhibition of glycogen synthase kinase 3f
(GSK3p) in osteoblast-like cells.?*?° Inactivation of GSK3p
evokes Wnt/p-catenin/T-cell factor (TCF) signaling and medi-
ates Snail expression, which is responsible for epithelial to
mesenchymal transition (EMT).>”*® EMT is characterized by
loss of the epithelial marker E-cadherin and increased expres-
sion of mesenchymal markers, such as Fibronectin and Vimen-
tin.*® Although the biological roles of these pathways in the
initiation and progression of osteosarcoma are well established,
efficacy for drugs interfering with downstream signaling mole-
cules has been less than expected.*"*> Therefore, identification
of novel tumor-specific upstream pharmacological targets that
modulate the PI3K/Akt/mTOR axis and/or canonical Wnt/
B-catenin signaling may offer better treatment strategies for
osteosarcoma.

To this end, we investigated the functional role of P2X7 in
human osteosarcoma cells as a tumor promotor regulating prolif-
eration, energy store, migration, invasion, EMT, metastasis, stem-
ness and angiogenesis in vitro and in vivo. We also identified
molecular mechanisms underlying P2X7 targeted signaling that
involved the PI3K/Akt/GSK3p and Wnt/B-catenin pathways.

Materials and Methods

Reagents and antibodies

P2X7 agonist benzoyl ATP (BzATP), P2X7 antagonist A740003,
and PI3K antagonist LY294002 were purchased from Sigma-
Aldrich (St. Louis, MO). Akt, phospho (p)-Akt (Ser473), GSK3p,
p-GSK3p (Ser9), mTOR, p-mTOR (Ser2448), HIF1a, f-catenin,
TCF1 and lamin B1 rabbit monoclonal antibodies (Abs) were

from Cell Signaling Technologies Inc. (Milan, Italy). P2X7,
E-cadherin, fibronectin, vimentin, Snail, ALDH1A1, CD31, Ki67
and PCNA rabbit monoclonal Abs were purchased from Abcam
(Cambridge, UK). CD133 antibody was from Miltenyi Biotec
(Teterow, Germany).

Human osteosarcoma tissue collection and
immunohistochemistry

A tissue array, containing samples from 2 normal bones and
10 stage IV osteosarcomas, was screened for P2X7 expression
using immunohistochemistry. Specimens included samples from
7 male and 3 female patients with osteoblastic and chondroblas-
tic osteosarcoma (11-50 years-of-age). Normal bone samples
were obtained from patients undergoing hip replacement for
transcervical fracture. All patients offered informed consent.

Cell culture

Human bone marrow mesenchymal stem cells (h-BMSCs), and
HOS/MNNG, MG63, U20S, SW1353, SAOS-2 osteosarcoma
cell lines were purchased from the Cell Bank of Chinese
Academy of Sciences (Shanghai, China) in September 2015. All
cell lines were maintained in expansion medium consisting of
DMEM/F12 supplemented with 10% FBS and 100 U/mL
penicillin-streptomycin at 37°C and 5% CO,. All cell lines were
tested by Cell Bank of Chinese Academy of Sciences. All cell
lines of passage 3-5 were used in following experiments.

AO/EB dual staining

For measurement of plasma membrane permeabilization,
HOS/MNNG cells, with or without A740003 (5 pM) pretreated
for 30 min, were then incubated with BzATP (0, 25, 125 or
250 uM) for 30 min. Afterwards, the HOS/MNNG cells were
washed with PBS and stained with Aridine Orange (AO) and
Ethidium Bromide (EB). Fluorescence emissions were visualized
by a fluorescent microscopy. Relative EB fluorescence intensities
were measured by a fluorescent plate reader. Fluorescence emis-
sion was measured at an excitation/emission wavelength of
360/580 nm.

Fluo 3-AM staining

For measurement of intracellular Ca**, HOS/MNNG cells were
incubated with 5 pM Fluo 3-AM in glass-bottom dishes for
45 min at 37°C and washed three times with serum-free DMEM
without phenol red, meanwhile the a part of cells were pretreated
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with 5 pM A740003. Thereafter, the cells were incubated with
BzATP (0, 25, 125 or 250 pM) for 1 min. The detection of intra-
cellular Ca®" was determined in Fluo 3-AM fluorescence by a
fluorescent microscope. Relative Fluo 3-AM fluorescence intensi-
ties were measured by a fluorescent plate reader. Excitation and
emission wavelength were 506 and 526 nm, respectively.

Lentiviral infection

Lentiviral vectors carrying short hairpin RNA (shRNA) target-
ing human P2X7 receptor (GV118) and the corresponding non-
target control vector were obtained from GeneChem (Shanghai,
China). The following target siRNA sequences of human P2X7
receptor were used: P2X7-RNAi GTGGCTTCAAGAGTCCITA
and non-targeting control TTCTCCGAACGTGTCACGT. HOS
/MNNG and SAOS-2 cells (5 x 10> cells/well) were infected
with lentivirus carrying shRNA with a multiplicity of infection
(MOI) of 10 in the presence of 5 pg/mL polybrene (GeneChem,
Shanghai, China) for 48 h at 37°C and 5% CO,. Stable clones
expressed green fluorescent protein and were selected with flow

cytometry.

RNA extraction and qRT-PCR

Total RNA was extracted using Trizol reagent according to the
manufacturer’s instructions. RNA was quantified spectroscopi-
cally, and 3 pg RNA was reverse transcribed using an Easy-
Script First-Strand cDNA Synthesis Super Mix kit (TransGen
Biotech, Beijing, China). Human P2X7, E-cadherin, fibronec-
tin, vimentin, snail and GAPDH mRNA listed in Supporting
Information Table S1 were quantified with quantitative real-
time PCR. Bio-Rad myiQ2 Sequence Detection System (Bio-
Rad, Hercules, CA) and TransStart Eco Green qPCR Super
Mix (TransGen Biotech, Beijing, China) were used according
to the manufacturer’s protocol. Cycle conditions were as fol-
lows: 95°C for 30 s, 40 cycles at 95°C for 5 s, and 60°C for
35 s. Relative gene expression was assayed by normalizing with
GAPDH using the 2744 method.

Western blot

Cytoplasmic and nuclear protein was extracted using a Nuclear
and Cytoplasmic Protein Extraction Kit (Beyotime) according
to the manufacturer’s protocol. Protein was measured using a
BCA protein assay kit (Applygen, Beijing, China).

Equivalent amounts of protein were separated with 10% SDS-
PAGE, and then transferred onto PVDF membranes. Membranes
were blocked for 1 h at room temperature with 5% BSA in 1x
TBST (0.1% Tween-20). Following incubation, membranes were
probed with P2X7, Akt, p-Akt, GSK3p, p-GSK3p, E-cadherin,
Fibronectin, Vimentin, Snail, ALDH1A1, B-catenin, mTOR, p-
mTOR, HIF-1a, TCF-1, lamin B1 (all 1:1000) and GAPDH,
B-actin (1:400) primary antibodies overnight at 4°C and with
HRP-conjugated secondary antibodies (1:5000) at room tempera-
ture for 1 h. Membrane-bound proteins were visualized with ECL
Western blot substrate and autoradiography. Band intensities

P2X7R expression and function in osteosarcoma

were quantified with densitometric analysis (Image-Lab software,
BioRad, Hercules, CA).

Immunofluorescence

Cells were fixed with 4% paraformaldehyde for 10 min, permea-
bilized in PBS containing 0.3% Triton X-100 for 15 min, and
then blocked with 5% goat serum in PBS for 30 min. Cells were
then incubated with P2X7, E-cadherin, fibronectin and
[-catenin primary antibodies (1:200) at 4°C overnight, followed
by 1 h incubation in FITC- or Cy3-labeled goat secondary anti-
bodies (1:200) at room temperature. Nuclei were counterstained
with DAPI (1:1). Stained samples were visualized using fluores-
cent microscopy (EVOS FL Auto Imaging System, Life technol-
ogies, Gaithersburg, MD).

Flow cytometry

Cancer stem cells (CSCs) were sorted from HOS/MNNG cells
treated with 0, 5, 25 or 125 pmol/l BZATP or 5 pmol/l A740003
for 24 h and shRNA-transfected HOS/MNNG cells. Briefly,
single-cell suspensions were washed in PBS, and stained with anti-
CD133 antibody (FITC-conjugated; 1:100) for 30 min at 4°C.
Stained cells were washed and resuspended with propidium iodide
to exclude non-viable cells. CD133-positive cells were counted
using a BD FACS flow cytometer (BD Biosciences, San Jose, CA).

Cell proliferation assay

The effects of BZATP and A740003 on cell proliferation after
24, 48, and 72 h of treatment were assessed using a Cell Count-
ing Kit-8 (CCK-8) assay (Beyotime,) according to the manufac-
turer’s protocol. Briefly, 10 pl CCK-8 solution was added to
each well and incubated for 1.5 h in the dark, and absorbance
(450 nm) was read using a microplate reader (Bio-Rad).

Wound healing assay

HOS/MNNG or SAOS-2 cells (1 x 10°) in expansion medium
were seeded in 6-well plates and cultured until 80% confluent.
Cells were serum-starved overnight, and monolayers were
mechanically disrupted using a sterile pipette tip to generate a
linear wound. Subsequently, cells were washed in DMEM, and
cultured in serum-free DMEM to determine the rate of wound
closure.

Matrigel invasion assay

A matrigel invasion assay was performed in 24-well transwell
plates. The upper and lower culture compartments were sepa-
rated by polycarbonate filters with 8-pm pore diameter (Merck
Millipore). Filters were pre-coated in sixfold diluted Matrigel
(BD Biosciences, San Jose, CA). Equal numbers of HOS/MNNG
or SAOS-2 cells (20,000 cells) in serum free DMEM were added
to the upper chamber. The lower chamber was filled with
DMEM medium containing 10% FBS for inducing cell migra-
tion, and plates were incubated for 12 h. Cells that traversed the
membrane filter to the lower surface were fixed in 4% formalin
for 5 min before staining with 0.1% crystal violet. Stained cells
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were counted directly using a Nikon Eclipse TE2000-S micro-
scope (Nikon, Tokyo, Japan).

Quantification of glycogen content

HOS/MNNG cells were maintained in serum-free medium for
24 h and treated with 125 pmol/l BZATP or 5 pmol/l A740003 at
the same time. ShRNA-transfected HOS/MNNG cells were main-
tained in serum-free medium for 24 h. Glycogen was measured
using a periodic acid Schiff's (PAS) staining kit (Sigma) according
to the manufacturer’s protocol. Total and PAS positive cells were
counted using Image Pro Plus 6.0 software.

VEGF quantification with ELISA

VEGF protein secreted into BzATP- or A740003-treated
HOS/MNNG cell and shRNA-transfected HOS/MNNG cell cul-
ture supernatant was measured using a commercially available
human VEGF ELISA kit (R&D Systems, Minneapolis, MN)
according to the manufacturer’s instructions.

Osteosarcoma tumor growth experiments

Female Balb/c-Nude mice (4-5 weeks old) were obtained from
the Experimental Animal Center of Huazhong University of
Science and Technology, Wuhan, China. All experimental
procedures were approved by the Ethics and Animal Research
Committee of Huazhong University of Science and Technol-
ogy. HOS/MNNG cells were resuspended at 1 X 10°/10 pl in
PBS, and injected into the medullary cavity of the right
tibia of mice (n =24). When tumor volumes reached
~10-100 mm® (day 10 from cell injection) mice were divided
into 4 groups (n = 6 mice/group), and treated with 200 pl
(ip) of (1) placebo (PBS + 0.005% DMSO), (2) BzATP
(0.25 mg/kg), (3) A740003 (0.025 mg/kg) or (4) BzATP
(0.25 mg/kg) + A740003 (0.025 mg/kg) every day for 20 days.
Tumor size was measured using a caliper every other day.
Tumor volume was calculated using the following formula:
volume = 7/6 (wl X (w2)?), where wl = major diameter
(mm) and w2 = minor diameter (mm) of the tumor. At the
end of experiments, mice were sacrificed. Tumor and lung
specimens were excised and washed in PBS, and stored at
—80°C or fixed in Bouin’s solution for immunohistochemical
analysis.

Micro-computed X-ray tomography (uCT)

To determine presence of tumor-associated bone destruction
in proximal tibia, a Scanco viva CT 40 (Scanco Medical AG,
Bruttisellen, Switzerland) was used. Contiguous cross-sectional
images were acquired at 70 kV, 114 mA, 300 ms integration,
500 projections per 1808 rotation, with a 12 mm isotropic
voxel size. The bone tissue was segmented from soft tissue
using a threshold of 270 per thousand (or 438.7 mgHA/cm3),
a Gaussian noise filter of 0.8, and support of 2. Relative vol-
ume (BV/TV) of the tibiae [total bone (cortical + trabecular)]
were quantified for each group and compared to the tibia of
control rats.
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Histological studies

Mice lung and tumor tissues were embedded in paraffin, and
cut into 4-pm sections. Lung sections were stained with hema-
toxylin and eosin (H&E) to assess metastases in osteosarcoma-
bearing mice. Immunohistochemical quantification of P2X7 in
tissue arrays and Ki67 in tumor was done by rehydrating sec-
tions, which were then washed in TBS and blocked in TBS sup-
plemented with 10% BSA for 1 h at room temperature. Sections
were then incubated with primary antibodies diluted in TBS
containing 3% BSA (1:100) for 1 h at room temperature. Slides
were then washed twice in TBS containing 0.025% Triton X-
100. Endogenous peroxidase activity was blocked by incubating
slides in TBS/0.3% H,O, solution for 20 min at room tempera-
ture. After several rinses in TBS, sections were incubated for 1 h
at room temperature with HRP-conjugated antibody diluted in
TBS/1% BSA (1:200). Tissue sections were washed twice in TBS,
and peroxidase activity detected with Liquid DAB Substrate
Chromogen System (Dako, Glostrup, Denmark). Nuclear coun-
terstaining was performed using Mayer’s hematoxylin.

Statistical analysis

All in vitro experiments were performed at least three times, and
data are presented as means £ SD. For in vivo studies, tumor
volumes are expressed as means £ SD. All quantified data rep-
resent an average of three independent experiments unless indi-
cated otherwise. Error bars represent standard deviation of the
mean. Statistical analyses were performed using SPSS software
(version 19.0; SPSS Inc., Chicago, IL). Differences between two
groups were assessed using student’s t tests. Differences among
three or more groups were evaluated by one-way ANOVA fol-
lowed by the Tukey’s post-hoc tests. Differences among multiple
groups over multiple times were evaluated by two-way ANOVA
followed by the Bonferroni’s post-hoc tests. p < 0.05 was consid-
ered statistically significant.

Results

P2X7 is overexpressed in human osteosarcoma tissue and
cell lines

A tissue array containing samples from 2 normal bones and
10 stage IV osteosarcomas was screened for P2X7 expression
by immunohistochemistry. All osteosarcoma samples stained
strongly positive for P2X7 protein while the normal bone tissue
was weakly positive (Fig. 1a). P2X7 mRNA and protein expres-
sion were also upregulated in all 5 tested human osteosarcoma
cell lines, namely HOS/MNNG, MG63, U20S, SAOS-2 and
SW1353, in comparison to human bone marrow mesenchymal
stem cells (h-BMSCs). Among the five osteosarcoma cell lines,
P2X7 expression was the highest in HOS/MNNG and the lowest
in SAOS-2, so we chose these two cell lines as representative
models to study the role of P2X7 in osteosarcoma growth and
metastasis in vitro. (Figs. 1b and 1c). After downregulating P2X7
expression in HOS/MNNG and SAOS-2 cells, P2X7 mRNA
and protein expression was reduced by 75% and 65% respec-
tively compared to HOS/MNNG and SAOS-2 cells infected
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Figure 1. P2X7 is highly expressed in osteosarcoma and increases proliferation of HOS/MNNG and SAOS-2 cells. (a) Immunohistochemical staining
for P2X7 in normal bones (n = 2) and stage IV osteosarcomas (n = 10). Specimens included samples from 7 male and 3 female patients with
osteoblastic and chondroblastic osteosarcoma (11-50 years-of-age). Normal bone samples were obtained from patients undergoing hip replacement
for transcervical fracture. Scale = 3 x 3 x 3 cm>. Quantification of P2X7 (b) mRNA and (¢) protein in human osteosarcoma cell lines, MG63,
HOS/MNNG, SAOS2, SW1353 and U20S, and human bone marrow mesenchymal stem cells (h-BMSC) as control. Relative gene or protein expression
was assayed by normalizing with GAPDH. HOS/MNNG and SAOS-2 cell proliferation after 24, 48, and 72 h of treatment with (d) BzATP (5, 25 or

125 pM), (e) A740003 (5 uM) with or without BzATP (125 M), and (f) lentiviral vectors with or without BzATP (125 pM) (n = 6). Proliferation rate was
evaluated using CCK-8 assay. Data are means =+ SD of 6 or 3 independent experiments. ““p ¢0.001, “p ¢0.01, “p ¢0.05 vs. control. [Color figure
can be viewed at wileyonlinelibrary.com]
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with control vector (scrambled) (Supporting Information
Fig. S1A-C). To test the pore and channel functionality of
P2X7 in HOS/MNNG cells, AO/EB dual staining and Fluo-
3-AM staining were used. After activating P2X7 by its specific
agonist, BZATP, HOS/MNNG Cells exhibited increased plasma
permeabilization and intracellular Ca**, which suggested that
P2X7 is functional in HOS/MNNG cells (Supporting Informa-
tion Fig. S2 A-B).

P2X7 increased proliferation, migration and invasion of
HOS/MNNG and SAOS-2 cells

BzATP, a highly effective P2X7 receptor agonist, increased prolif-
eration of HOS/MNNG and SAOS-2 cells compared to controls.
The extent of proliferation increased from 15% to 35% when the
BzATP concentration increased from 5 to 125 uM (Fig. 1d). Inhi-
biting the P2X7 receptor with A740003 (5 pM), a selective P2X7
antagonist, significantly reduced the effect of BzATP on
HOS/MNNG and SAOS-2 cell proliferation by 50% and 40%
(Fig. 1e). In addition, A740003 also reduced the basal proliferation
of HOS/MNNG and SAOS-2 cells by 33% and 17%, respectively.
P2X7 knockdown inhibited HOS/MNNG and SAOS-2 cell prolif-
eration by 27% and 20% compared to scrambled control while
BzATP treatment could not significantly increase proliferation of
P2X7 knockdown cells. (Fig. 1f).

To examine whether migration could be regulated by P2X7
in osteosarcoma cell lines, wound-healing assay were used.
HOS/MNNG and SAOS-2 cells treated with BZATP had more
migration across wounds at 12 h compared to control. 5 to
125 pM BzATP increased HOS/MNNG cell migration by 35%
to 171% and increased SAOS-2 cell migration by 65% to 250%
(Fig. 2a). A740003 intensively lowered the effect of BZATP by
more than 3 quarters and also decreased HOS/MNNG and
SAOS-2 cell migration on its own (Fig. 2e). Figure 2c¢ shows
that the area covered by HOS/MNNG or SAOS-2 cells after
shP2X7 with or without BzZATP stimulating reduced by half at
12 h compared to scrambled control cells. We then measured
the metastatic potential of the cells after P2X7 knockdown
using Transwell invasion assays. Figure 2d shows that invading
HOS/MNNG or SAOS-2 cells increased by 20% to 150% after
5 to 125 pM BzATP treatment compared to controls. In con-
trast, A740003 reduced pro-invasive effect of BZATP by 75%
and also reduced the basal cell invasion by 30% (Fig. 2¢). Addi-
tionally, infiltrating cells infected with shP2X7 were half less
than scrambled infected cells, even in present of BzATP
(Fig. 2f). Therefore, activated P2X7 receptors contribute to
osteosarcoma cell proliferation, growth and invasiveness.

In addition, our results showed no significant differences
between shP2X7 group and shP2X7 + A740003 group in all
CCK-8, wound healing and Transwell invasion assays (Support-
ing Information Fig. S3 A-C).

P2X7 positively regulates EMT and stemness
To avoid repetitive and complex work, we chose one cell line,
HOS/MNNG, to investigate the cancer-promoting mechanism of
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P2X7. EMT is required for tumor metastasis, which is character-
ized by loss of the epithelial marker E-cadherin, together with
upregulated nuclear factor Snail and increased expression of mes-
enchymal markers, such as Fibronectin, and Vimentin.*® To
learn whether P2X7 regulates EMT, we measured E-cadherin,
Fibronectin, Vimentin and Snail and confirmed a 12% to 40%
decrease of E-cadherin mRNA and protein after 5 to 125 pM
BzATP treatment. And also as expected, Snail, Vimentin, and
Fibronectin increased 20%-100% at mRNA level and 20%-70%
at protein level (Figs. 3a and 3b). In contrast, A740003 treatment
downregulated Snail, Vimentin and Fibronectin mRNA and pro-
tein, and increased E-cadherin (Figs. 3¢ and 3d). Similar results
were obtained in HOS/MNNG cells with P2X7 knockdown.
shP2X7 twofold upregulated E-cadherin and inhibited other
EMT markers by approximately 50% while BZATP could not
reverse this effect, suggesting that P2X7 was involved in the regu-
lation of EMT (Figs. 3e and 3f). Immunofluorescent data also
confirmed these findings (Supporting Information Fig. S4A-D).

EMT is associated with malignant stem cell function,” and
previous studies indicate that cancer stem cells (CSCs) are
involved in tumor metastasis and relapse.”’* To determine
whether P2X7 affected stemness of osteosarcoma cells, we sorted
CSCs from osteosarcoma cell lines using flow cytometry and
treated them with BzATP or A740003. 15% to 50% more
CD133"" CSCs were detected in 5 to 125 pM BzATP treated
HOS/MNNG cells, but inhibition of P2X7 using an antagonist
or shRNA decreased CD133"8" CSCs by 50%. (Fig. 3g) BzATP
could not significantly increase CD133™¢" CSCs in P2X7 inhib-
ited cells (Figs. 3h and 3i; Supporting Information Fig. S5A-C).
We validated these data with ALDH1 by Western blot and
noted that ALDHI protein increased in HOS/MNNG cells trea-
ted with BzATB (Fig. 3j); P2X7 inhibition decreased ALDH1
protein (Figs. 3k and 3I).

PI3K/Akt/GSK3p signaling participates in P2X7-dependent
proliferation, migration, invasion and glycogen
accumulation

To investigate the underlying mechanisms of P2X7-dependent
proliferation, migration and invasion, PI3K/Akt/GSK3p pro-
growth signaling was assessed. Stimulation of HOS/MNNG cells
with BZATP (5 pM to 125 pM) for 24 h resulted in a 1.3- to
2.3-fold increase of phosphorylated Akt and a 1.6- to 3.3-fold
increase of phosphorylated GSK3f (Fig. 44). In contrast, block-
ing P2X7 receptor with A740003 or shP2X7, in present of
BzATP or not, significantly reduced the rate of Akt and GSK3p
phosphorylation compared to control (Figs. 4b—4c).

Then, we use a PI3K blocking drug, LY294002, to clarify the
connection between PI3K/Akt/GSK3p signaling and cell prolif-
eration, migration and invasion. We treated HOS/MNNG
cells with, respectively, A740003, LY294002 and A740003 +
LY294002. All these 3 treatments suppress proliferation, migra-
tion and invasion to a similar degree (~50%), whereas the joint
treatment of A740003 and LY294002 did not cause an addi-
tional suppression (Figs. 4d-4f). Active GSK3p blocks glycogen
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Figure 2. P2X7 increases migration and invasion of HOS/MNNG and SAOS-2 cells. Microscopic images of wound healing assay data for
HOS/MNNG and SAQS-2 cells treated with (a) BzATP (5, 25 or 125 pM) or (b) A740003 (5 uM) with or without BzATP (125 pM) for 24 h, or (¢)
lentiviral vectors with or without BzATP (125 pM) (n = 3). Wound healing percentage was evaluated using Image Pro Plus 6.0 software.
Microscopic images and Transwell assay data for invading HOS/MNNG and SAOS-2 cells (x10%) treated with (d) BzATP (5, 25 or 125 uM), (e)
A740003 (5 pM) with or without BzATP (125 pM) for 12 h, or (f) lentiviral vectors with or without BzATP (125 uM) (n = 3). Cells that traversed
the membrane filter to the lower surface were stained with 0.1% crystal violet and counted using Image Pro Plus 6.0 software. Data are

ekt

means + SD of 6 or 3 independent experiments.
wileyonlinelibrary.com]
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Figure 3. P2X7 positively regulates EMT and stemness. HOS/MNNG cells were treated with BzATP (5, 25 or 125 pM), A740003 (5 pM) or with
or without BzATP (125 pM) for 24 h, or lentiviral vectors bearing scrambled or P2X7 shRNAs with or without BzATP (125 pM). E-cadherin,
fibronectin, vimentin, and snail protein and mRNA quantified with Western blot or gRT-PCR, respectively. (@) mRNA and (b) protein of EMT in
BzATP-treated (5, 25 or 125 pM for 24 h) HOS/MNNG cells. (¢) mRNA and (d) protein in HOS/MNNG cells treated with BzATP (125 uM) or
A740003 (5 uM) or both for 24 h. (¢) mRNA and (f) protein of EMT markers in HOS/MNNG cells transfected with scrambled or shP2X7
lentiviral vectors or treated with shP2X7 and BzATP (125 pM). (g) CD133"&" cell population and (j) ALDH1 expression in HOS/MNNG cells
treated with BzATP (5, 25 and 125 pM) for 24 h. (h) CD133"" cell population and (k) ALDH1 expression in HOS/MNNG cells treated with
BzATP (125 pM) or A740003 (5 uM) or both for 24 h. (/) CD133"8" cell population and (/) ALDH1 expression in HOS/MNNG cells transfected
with scrambled or shP2X7 lentiviral vectors or treated with shP2X7 and BzATP (125 uM). Relative gene or protein expression was assayed by
normalizing with GAPDH. CD133-positive cells were counted using a BD FACS flow cytometer. Data are means + SD of 3 independent
experiments. ““p < 0.001, “"p ¢ 0.01, “p ¢ 0.05 vs. control.
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Figure 4. PI3K/Akt/GSK3p signaling participates in P2X7-dependent proliferation, migration, invasion and glycogen accumulation. Western
blot of HOS/MNNG cells treated with (a) BzATP (5, 25 or 125 uM), (b) A740003 (5 pM) with or without BzATP (125 uM) for 12 h and (c)
lentiviral vectors with or without BzATP (125 pM), and probed with total Akt, phosphorylated (p)-Akt (Ser473), total GSK3p, p-GSK3p (Ser9),
and GAPDH antibodies. Representative results from 3 independent experiments are shown. (d) CCK-8 cell proliferation assay, (e) wound
healing assay, and (f) Transwell invasion assay in HOS/MNNG treated with BzATP (125 pM), PI3K inhibitor LY294002 (20 pM), or A740003
(5 uM) for 12 h. Glycogen content measured with PAS staining in HOS/MNNG cells treated with (g) BzATP (125 uM) or A740003 (5 pM) for
24 h, or (h) lentiviral vectors with or without BzATP (125 uM). Relative protein expression was assayed by normalizing with GAPDH.
Proliferation rate was evaluated using CCK-8 assay. Wound healing percentage was evaluated using Image Pro Plus 6.0 software. Cells that
traversed the membrane filter to the lower surface were stained with 0.1% crystal violet and counted using Image Pro Plus 6.0 software. PAS
positive cells were counted using Image Pro Plus 6.0 software. Data are means + SD of 3 independent experiments. “*“p ¢ 0.001, “p ¢ 0.01,
“p ¢0.05 vs. control. [Color figure can be viewed at wileyonlinelibrary.com]
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synthase activity, depleting glycogen stores.”® To confirm a link
between P2X7 and GSK3 activity, we evaluated whether P2X7
influenced glycogen accumulation in osteosarcoma cells. HOS/
MNNG cells were treated with 125 pM BzATP or 5 pM
A740003 for 24 h, and glycogen was measured as shown in
Figure 4g. BzATP treatment increased PAS-positive cells by 70%
compared to control, and A740003 reduced glycogen accumula-
tion by 50% in HOS/MNNG cells. PAS-positive cells in P2X7
knockdown groups, both in present of BZATP or not, had only
about one third of that in scrambled control, confirming the link
between P2X7 and GSK3p (Fig. 4h).

P2X7 activates Wnt/p-catenin signaling

The Wnt/p-catenin signaling pathway is necessary for the
pathobiology and progression of osteosarcoma by inactivating
GSK3p and increasing expression of nuclear factor Snail.*' We
observed increased GSK3P phosphorylation in osteosarcoma
cells after P2X7 activation (Fig. 4a). We next investigated bio-
logical effects of P2X7-induced HOS/MNNG cell migration,
invasion, EMT or stemness on the Wnt/B-catenin pathway by
measuring downstream signaling molecules. 5 to 125 pM
BzATP 1.7- to 2.7-fold increased mRNA of B-catenin and
TCEF-1, an endogenous substrate of GSK-3p (Fig. 54), and aug-
mented nuclear accumulation of P-catenin (1.7- to 2.2-fold)
and TCF-1 (1.3- to 3.25-fold) (Figs. 5d and 5g). In contrast,
inhibition of P2X7 with A740003 or shP2X7 decreased expres-
sion of B-catenin and TCF-1 by more than 50% (Figs. 5b and
5¢), and reduced nuclear accumulation of f-catenin and TCF-1
by a similar degree of 40% (Figs. 5e-5h). BZATP treatment after
P2X7 inhibitation could not significantly increase P-catenin
and TCF-1 expression and enhance nuclear accumulation of
pB-catenin and TCF-1. So, P2X7 stimulates the Wnt signaling
pathway, eventually leading to transcriptional activation of
target genes.

P2X7 modulates mTOR/HIF1«/VEGF signaling

Angiogenesis is typical of human osteosarcoma, and inhibition
of VEGF can reduce tumor angiogenesis and growth in an experi-
mental osteosarcoma model via inactivation of the PI3K/Akt
signaling pathway. Because the mTOR/HIF1a/VEGF axis is
downstream of the PI3K/Akt pathway and involved in angiogene-
sis, we determined whether P2X7 receptor activation and/or inhi-
bition affected expression of these signaling molecules. Treatment
with 5-125 pM BzATP activated mTOR, as evidenced by 1.4- to
2-fold increased phosphorylation of mTOR, and upregulated
HIFla (by 40% to 150%) and VEGF (by 30% to 70%) protein
(Figs. 5i and 5I). Interestingly, inhibition of P2X7 with A740003
or shP2X7 significantly reduced mTOR activity by 35% or 60%
respectively, and downregulated HIFlae and VEGF protein by
more than 40%. BzATP stimulation, with P2X7 inhibition, could
not obviously increase phosphorylation of mTOR and upregulate
HIFla and VEGF protein (Figs. 5j-5I). Therefore, P2X7 is
involved in angiogenesis and activates the mTOR/HIF1a/VEGF
pathway.
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P2X7 enhances HOS/MNNG cell growth, metastasis and
bone destruction in intra-tibia tumor-bearing mice

To investigate how P2X7 function in osteosarcoma interacted
with bone environment, intra-tibia tumor-bearing model was
used. HOS/MNNG cells were intra-tibia injected in BALB/c
nude/nude mice (n =6 mice/group). Placebo (phosphate-
buffered saline+0.005% dimethyl sulfoxide), BZATP (2.5 mg/kg),
A740003 (0.025 mg/kg) or BzATP (2.5 mg/kg) + A740003
(0.025 mg/kg) was administered intraperitoneally every day
after the appearance of the tumor mass (day 10 from cell injec-
tion) for a total of 20 days. BZATP treatment significantly
increased tumor volume by 100%, whereas A740003 reduced
tumor size by 50% compared to control and also blocked the
pro-growth effect of BzZATP (Fig. 6a). Tumor differences may be
attributed to altered proliferation of tumor cells. Ki67, a maker
of cell-cycle progression and proliferation, expression were mea-
sured with immunohistochemistry and data showed 70% more
nuclear Ki67 in BzATP-treated mice compared to controls.
P2X7 receptor inhibition had the opposite effects, reducing Ki67
by more than 45%, on both control and BzATP groups
(Fig. 6b). Consistent with data from the in vitro model, PAS
staining of tumor tissues confirmed 35% increased glycogen
after mice were treated with BzATP; and more than 40%
decreased glycogen was found in A740003 and BzATP
+A740003 groups compare to control (Fig. 6¢). The lung sam-
ples were excised from each group of animals and metastasis
nodules on the surface of lungs were counted. Our data showed
that lung samples from BzATP group had 55% more metastasis
nodules than placebo group. While A740003 and BzATP
+A740003 treatments reduced the metastasis nodules by 70%
and 50% respectively (Fig. 6d).

The primary osteosarcoma is capable of developing mixed
blastic and lytic destructive lesions in bone. pCT was utilized to
access the bone destruction in each group of animals. BZATP
group showed significantly more destructive lesions and 12%
less of total bone BV/TVs in tibia compared to Placebo group.
On the contrary, the destructive lesions were significantly fewer
and the total bone BV/TVs were relatively increased after
A740003 treatment with or without BzATP (Fig. 6e).

P2X7 induces HOS/MNNG cell growth, metastasis and

vessel formation in subcutaneous tumor-bearing mice

As supplementary, we also tested tumors derived by subcutane-
ous injection of human HOS/MNNG cells in BALB/c nude/
nude mice (n = 6 mice/group). Placebo, BzATP, A740003 or
BzATP+A740003 was administered in the same method as in
the intra-tibia model after the appearance of the tumor mass
(day 5 from cell injection) for a total of 20 days. BzZATP treat-
ment significantly increased tumor volume and weight by 65%,
whereas A740003 reduced tumor size and weight by 40%
compared to control and also blocked the pro-growth effect
of BzATP (Supporting Information Figs. S6A and S6B).
70%-100% more nuclear Ki67 and PCNA were detected in
BzATP-treated mice compared to controls. P2X7 receptor
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Figure 5. P2X7 activates Wnt/p-catenin and mTOR/HIF1a/VEGF signaling. (@) mRNA and (d) protein in BzATP-treated (5, 25 or 125 pM for
24 h) HOS/MNNG cells. (b)) mRNA and (e) protein of p-catenin and TCF1, and (g) immunofluorescent staining for p-catenin in HOS/MNNG cells
treated with BzATP (125 pM) or A740003 (5 pM) for 24 h. (c) mRNA and (f) protein of p-catenin and TCF1, and (g) immunofluorescent staining

for p-catenin in HOS/MNNG cells transfected with scrambled or shP2X7 lentiviral vectors or treated with shP2X7 and BzATP (125 pM).

Expression of total mTOR, phosphorylated (p)-mTOR (Ser2448) and HIF-1a in HOS/MNNG cells treated with (i) BzATP (5, 25 or 125 pM) for
24 h, (j) BzATP (125 uM) or A740003 (5 pM) for 24 h, or (k) lentiviral vectors or treated with shP2X7 and BzATP (125 pM). () VEGF protein in
HOS/MNNG cells treated with BzATP (5, 25 or 125 pM) or A740003 (5 pM) or both for 24 h, or transfected with lentiviral vectors or treated

with shP2X7 and BzATP (125 pM). Relative gene or protein expression was assayed by normalizing with Lamin B1 or p-actin. In
Immunofluorescence, secondary antibodies were FITC or Cy3 labeled, and cell nuclei were counterstained with DAPI. VEGF protein was
measured using a commercially available human VEGF ELISA kit. Data are means + SD of 3 independent experiments. “*"p ¢ 0.001,
“p ¢0.01, “p ¢ 0.05 vs. control. [Color figure can be viewed at wileyonlinelibrary.com]

Int. J. Cancer: 145, 1068-1082 (2019) © 2019 The Authors. International Journal of Cancer published by John Wiley & Sons Ltd on behalf
of UICC


http://wileyonlinelibrary.com

Zhang et al. 1079

(a) 5000y ** Placebo
e ’ ? q ’ o = BzATP
24000 -+ A740003
BZATP ’ ' ‘ = = BZATP+A740003
‘ £ 3000
s, ) 3
A740003 ' ’ ’ & ¢ $ 2000
) ) ) o
£
BzATP + S 1000
A740003 ?t ? e ? ¢ -
U
10 15 Timeigl) 25 30
200 o
(b) placebo BzATP A740003 BzATP+A740003

Ki67
Ki67 positive cells per

field
3 B
0
.
o S S
1 . o
< 1 J

T 80
[
c lacebo =
( ) o p 2 60
e E 2 .
] 8 40
7] g b
g & 'g 2| °
: g
[ =
\‘D"éoo
Q
(d) placebo BzATP A740003 BzATP+A740003
2]
s (B a0l
o > 8 Z .
4 . oo
o - 3 e L] . L]
E - 5 2 . %
g - o0
w ° S & &
I Q\,o" pa V@ ,4"9
&
&
o0 |+|
(e) ;
S404| e O
8 3
] S
= o 20
e
> < § @'5.
& & & Qx@um
&

Figure 6. P2X7 induces growth, metastasis and tumor-associated bone destruction of HOS/MNNG cells injected in Balb-c/nude mice.
HOS/MNNG cells were resuspended at 1 x 10°/10 pl in PBS, and injected into the medullary cavity of the right tibia of mice (n = 24). When
tumor volumes reached ~10-100 mm?> (day 10 from cell injection) mice were divided into 4 groups (n = 6 mice/group), and treated with

200 pl (ip) of placebo (PBS + 0.005% DMSO0), BzATP (2.5 mg/kg), A740003 (0.025 mg/kg) or BzATP (2.5 mg/kg) + A740003 (0.025 mg/kg)
every 2 days for 20 days. (a) Tumor volume measured every 2 days for 20 days. Tumor volume was calculated using the following formula:
volume = n/6 (W1 x (W2)?), where w1 = major diameter (mm) and w2 = minor diameter (mm) of the tumor. (b) Immunohistochemical
staining for Ki67 in tumor tissue sections from osteosarcoma-bearing mice. (c) PAS staining of tumor tissue for glycogen stores. Ki67 and PAS
positive cells were counted using Image Pro Plus 6.0 software. (d) Left: Representative images of gross and H&E staining of lung tissue
sections from osteosarcoma-bearing mice treated with placebo, BzATP, A740003 or BzATP+A740003. Right: Numbers of metastatic nodules in
mice of each treatment groups. (e) (left) Representative pCT images and (right) relative volume (BV/TV) of right tibia from osteosarcoma-
bearing mice treated with placebo, BzATP, A740003 or BzATP+A740003. BV/TV bone volume/total volume. Data are means =+ SD,

n = 6 mice/group. ~p ¢0.001, “p < 0.01, “p < 0.05 vs. control. [Color figure can be viewed at wileyonlinelibrary.com]
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inhibition reduced Ki67 and PCNA by more than 40%, on both
control and BzATP groups (Supporting Information Fig. S6C;
Supporting Information Fig. S7A and S7B). PAS staining of
tumor tissues confirmed 80% increased glycogen after mice were
treated with BzATP; while glycogen decreased more than 30%
in A740003 and BzATP+A740003 groups compare to control
(Supporting Information Fig. S6D).

H&E staining confirmed that after BZATP treatment 4 of
6 lung samples had lung metastasis but placebo, A740003 or
BzATP+A740003 treatment did not result in metastases
(Supporting Information Fig. S6E), suggesting that P2X7
increased HOS/MNNG cell metastatic capacity. Additionally,
immunohistochemical and immunofluorescent analysis revealed
significantly increased Fibronectin in tumor tissues of BzATP-
treated mice compared to controls (Supporting Information
Fig. S6F; Supporting Information Fig. S7C). In contrast,
A740003 or BzZATP+A740003 treated mice had less Fibronectin
in the tumor tissues, suggesting that P2X7 induced EMT in an
in vivo osteosarcoma model.

Solid tumor growth depends on adequate vascularization and
blood supply.*® H&E staining of tumor tissues from BzATP-
treated mice confirmed twofold or more vascular networks than
that of in placebo, A740003 or BzATP+A740003 treated mice
(Supporting Information Fig. S6G). Because CD31 is a marker of
angiogenesis during tumor growth, we measured marker expres-
sion”” and noted that BzATP treatment increased CD31-positive
cells but A740003 or BZATP+A740003 reduced CD31 expression
(Supporting Information Fig. S8A and S8B). Therefore, P2X7
stimulated and/or enhanced angiogenesis in vivo.

Discussion
The expression and function of P2X7 receptors in osteoblasts is
well established,”>***® but less is known about their role in oste-
osarcoma. We elucidated the molecular mechanisms of P2X7-
dependent positive regulation of osteosarcoma cell proliferation,
invasion, migration, EMT and angiogenesis. We confirmed that
expression of P2X7 was significantly higher in tumor tissues
from patients with stage-IV osteosarcoma compared to normal
bone tissues. Upregulated P2X7 mRNA and protein expression
occurred in 5 different osteosarcoma cell lines, suggesting that
P2X7 may be needed for survival and proliferation of osteosar-
coma cells. Moreover, P2X7 activation increased plasma mem-
brane permeabilization and intracellular Ca** in HOS/MNNG
cells, indicating that P2X7 is functional in HOS/MNNG cells.
ATP-activated P2X7 receptors are reported to mediate cyto-
toxic effects in tumor cells.” BZATP is a specific P2X7 receptor
agonist, showing 5- to 10-fold greater potency than ATP, though
it also exhibits activity at other P2 receptors, especially P2X1 and
P2X4. However, in vitro results showed that BZATP increased
proliferation of HOS/MNNG and SAOS-2 cells. In both intra-
tibia and subcutaneous osteosarcoma xenograft models, BzZATP
treatment increased tumor volume and cell proliferation marker
(Ki67). These effects were significantly reduced in mice treated
with A740003. Thus, P2X7 promotes osteosarcoma cell growth

P2X7R expression and function in osteosarcoma

by stimulating cell proliferation. Metastasis or relapse for osteo-
sarcoma patients indicates poor prognosis®* and in vitro data
showed that P2X7 positively regulates migration and invasion of
HOS/MNNG and SAOS-2 cells. In addition, in both in vivo
models, lung samples from mice treated with BzATP had signifi-
cantly more chance of metastasis lesions occurrence compared to
placebo treated mice, while in intra-tibia model, A740003 and
BzATP+A740003 treated mice showed less lung metastasis, sug-
gesting that P2X7 helps to stimulate osteosarcoma growth and
metastasis.

Importantly, A740003 reduced both basal and BzATP-
stimulated cancer cell growth, migration and invasion to simi-
lar levels. Consistently, shRNA silencing P2X7 expression
reduced basal cancer cell growth, migration and invasion
in vitro, and BzATP stimulation could not reverse this inhibi-
tory effect. We also excluded the possibility of the off-target
effect of A740003 by confirming that A740003 could not addi-
tionally inhibit growth, migration and invasion of P2X7
silenced HOS/MNNG cells. These results are in favor of a par-
ticipation of P2X7 in the basal cancer cell growth, migration
and invasion in the absence of an exogenous stimulus
(BzATP). Di Virgilio’s group reported relatively high extracel-
lular ATP in tumor microenvironments of experimentally
induced tumors, whereas ATP was undetectable in tumor-free
healthy tissues. Tumor-derived ATP modulates tumor growth,
progression, and the immunosuppressive response.6’7 So, we
presume that the P2X7 receptor is fundamental in osteosar-
coma development and is also endogenously stimulated by a
basal release of ATP. This will provide an important basis for
taking P2X7 blockade as a treatment for osteosarcoma.

The PI3K/Akt signaling cascade plays a critical role in
tumor cell growth and bioenergetics, regulating aerobic glycoly-
sis, cell cycle progression and autophagy. Recently, PI3K/Akt
has been associated with osteosarcoma progression and resis-
tance to chemotherapeutic drugs.”®** BzATP increased Akt
activity, but P2X7 receptor inhibition significantly reduced Akt
phosphorylation in HOS/MNNG cells. Treatment with a PI3K
inhibitor, LY294002, resulted in significantly reduced cell prolif-
eration, migration and invasion. Compared to single-drug
administration, treatment with A740003 and a PI3K inhibitor
did not cause an additional reduction in cell proliferation,
migration and invasion, suggesting that P2X7 promotes tumor
growth and metastasis by acting as an upstream regulator of
the PI3K/Akt pathway. These results also suggested that the
basal growth and metastasis of HOS/MNNG cells can be inhib-
ited through P2X7/PI3K signaling inhibition. So, we presume
that the PI3K/Akt pathway is also basally activated by the basal
P2X7 activation.

We provide evidence that P2X7 not only modulated the
PI3K/Akt pathway, but also its downstream effectors, GSK3f
and mTOR/HIF-1a.*'™** Akt directly phosphorylates GSK-3p
at Ser9, which negatively regulates its kinase activity. Here, we
report that BzATP treatment caused GSK3P inactivation
in vitro, whereas P2X7 antagonists or receptor silencing had
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the opposite effect on GSK3f activity. GSK3p is a negative
regulator of glycogen synthase, driving the consumption of
cellular glycogen. Glycogen-rich cells are present in many
aggressive tumors, and glycogen is thought to be an important
energy source for cancer cells, promoting their survival under
conditions of metabolic stress and hypoxia.>>***® We found
that untreated HOS/MNNG cells had more glycogen com-
pared to cells with P2X7 receptor blockade or knockdown
in vitro. In contrast, P2X7 agonist enhanced glycogen accu-
mulation in HOS/MNNG cells in vitro. These data were also
confirmed in vivo, in which A740003-treated osteosarcoma-
bearing mice had less tumor glycogen, and BzATP treated ani-
mals had increased tumor glycogen. Our data indicate that
P2X7 may favor cell survival and progression by inactivating
GSK3p and increasing glycogen storage in osteosarcoma cells.

Previous studies indicate that stimulating EMT and increas-
ing CSCs can promote cancer metastasis and relapse.***7~>°
Cells undergoing EMT are known to acquire stem cell-like
properties. Loss of epithelial marker E-cadherin, increased
expression of mesenchymal markers Fibronectin and Vimentin
and the EMT regulator Snail, which are important events in
EMT. We showed that P2X7 activation promoted EMT and
stemness, but receptor blockade or silencing suppressed EMT
and stemness in HOS/MNNG cells in vitro. Wnt signaling has
been implicated in EMT-induced CSCs and activated Wnt
signaling is said to increase expression of Snail, which inhibits
E-cadherin expression to induce EMT.”” The interaction
between the PI3K/Akt and Wnt sigaling through the Akt/
GSK3p/B-catenin axis is found to participate in the maintenance
of CSC properties and induction of EMT. In the Akt/GSK3p/B-
catenin signaling pathway, GSK3p plays an important role in
[-catenin phosphorylation and degradation. GSK3 activity can
be inhibited by Akt phosphorylation at Ser9 and p-catenin trans-
fers into the nucleus to activate the transcription of downstream
target oncogenes including TCF1. Inhibition of GSK3p also
increases Snail stability, thus promoting EMT.*® In this study,
P2X7 agonist activated Akt/GSK3p/B-catenin/TCF1 signaling
pathways and P2X7 blockade or silencing suppressed these path-
ways, which resulted in P2X7-dependent EMT inhibition
in vitro. Thus, we speculate that P2X7 participates in cancer
metastasis by partially inducing EMT and osteosarcoma CSCs
via Akt activation and GSK3f inhibition. These events eventually
stimulate the Wnt/B-catenin/TCF1 signaling pathway and
enhance the function of Snail.

Angiogenesis is key to tumor progression during which
angiogenic proteins such as HIF1a and VEGF act downstream
of PI3K/Akt/mTOR signaling pathway.”>** We found that
BzATP activated mTOR in HOS/MNNG cells and upregulated
HIF1la and VEGF downstream factors in vitro. P2X7 activation
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had similar effects on angiogenesis in an in vivo subcutaneous
osteosarcoma model: BZATP increased expression of endothe-
lial marker CD31 and blood vessel number. Therefore, in vitro
and in vivo results indicate that P2X7 may enhance angiogene-
sis in osteosarcoma by activating PI3K/Akt/mTOR/HIFla/
VEGF signaling. This P2X7-dependent pro-angiogenic func-
tion may be a mechanism leading to P2X7-induced osteosar-
coma growth and metastasis.

As osteosarcoma is a tumor arising from the osteogenic
matrix, it is characterized by the production of osteoid matrix
and immature bone by neoplastic cells. Also, these tumor cells
produce many factors that stimulate osteolysis, such as PTHrP,
IL-1, IL-6, IL-8, IL-11, and transforming growth factor-f,
which induce RANKL expression in osteoblasts or bone mar-
row stromal cells. Interactions between tumor cells and osteo-
clasts through these factors can induce the vicious cycle of
osteolytic bone destruction, which consists of release of osteo-
lytic mediators by tumor cells, bone degradation, release of
growth factors from degraded bone, enhanced tumor cell
growth, and further release of osteolytic mediators. In our
in vivo study, intratibia injection of HOS/MNNG caused mixed
blastic and lytic destructive lesions. BzATP significantly
increased both blastic and lytic lesions, and decreased bone
volumes. While A740007 definitely protected the tumor-beared
bone from this bilateral destruction and loss of bone mass,
which may suggest that P2X7 activation is prone to induce the
osteosarcoma-associated bone destruction through the pro-
moting the proliferation of HOS/MNNG cells, and P2X7 inhi-
bition may be a promising therapy to blockade of the vicious
cycle between tumor cell proliferation and bone resorption.

In conclusion, P2X7 was overexpressed in human osteosar-
coma tissues and cell lines, and has a vital role in osteosarcoma
growth and metastasis. Activation of P2X7 enhanced osteosar-
coma cell proliferation, migration and invasion, induced EMT,
increased cell stemness, augmented VEGF release and angiogen-
esis and induced the osteosarcoma-associated bone destruction.
These functions of P2X7 are partially mediated by activation of
PI3K/Akt/GSK3p/p-catenin and/or mTOR/HIF1o/ VEGF signal-
ing pathways. However, more work is required to characterize
mechanisms of P2X7 endogenously activation and by which
P2X7 functions at protein and RNAs. We offer initial evidence
that P2X7 is a potential therapeutic target, and that targeted
inhibition of P2X7 may be useful for treating metastatic
osteosarcoma.
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