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Abstract
Neuroblastoma (NB) is the most common extracranial solid tumor of childhood. The clinical course may range from spontaneous
regression towards ganglioneuroblastoma/ganglioneuroma or maturation to a very aggressive form characterized by an extensive
hypoxic area. In solid tumors, extracellular microenvironment hypoxia induces the transcription of hypoxia-inducible factors
(HIFs) leading to synthesis of pro-angiogenic factor, VEGF; also, it increases extracellular adenosine production from ATP
breakdown. To date, the role of this nucleoside in the hypoxic/angiogenic pathway characterizing the core of cancer mass has not
been investigated yet. Therefore, the aim of the present study was to analyze the adenosine effect on modulation of the HIF-1α/
2α/VEGF pathway mediated through A3 AR binding. To this end, we have used a selective A3 AR agonist IB-MECA or
antagonist VUF 5574 in an in vitro model of malignant undifferentiated and all-trans retinoic acid (RA)-differentiated SH-
SY5Y cells, representing the benign form of NB. Our results have shown that specific A3 AR stimulation induces HIF and
VEGF expression through the activation of mitogen-activated protein kinase/Erk kinase signaling cascade. In conclusion, the
data suggest that A3 AR may represent a marker of NB malignancy as well as a drug target for treatment of this solid tumor.
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Introduction

Neuroblastoma (NB) represents the most common extra-
cranial solid tumor of childhood developing from the
sympathetic nervous system. It is characterized by high
biological heterogeneity and variable prognosis. In some
patients, it spontaneously regresses by differentiating in-
to benign ganglioneuroma requiring no intervention
whereas, in other cases, it develops in a widespread
deadly metastatic tumor (Whittle et al. 2017).

NB, like other solid tumors, is characterized by extensive
hypoxic areas leading to tissue necrosis and neovasculariza-
tion. During tumor development, hypoxic areas expand into
the cancer mass not supported by an adequate oxygen supply
due to aberrant cell proliferation (Wigerup et al. 2016). The
transcriptional response of cancer cells to hypoxia is repre-
sented by hypoxia-inducible factors (HIFs) comprising
oxygen-stable α-subunits (HIF-1α, HIF-2α, and HIF-3α)
and an oxygen-labile β-subunit, also known as aryl hydrocar-
bon nuclear translocator (ARNT) (Semenza 2014). By analyz-
ing public gene expression tumor datasets, Påhlman and
Mohlin (2018) have detected high HIF-1α and HIF-2α
mRNA as well as extremely low HIF-3α mRNA levels in
NB specimens.

In the presence of oxygen, the prolyl-4-hydroxylases
(PHDs) induce the hydroxylation of α-subunits causing their
degradation. Instead, under low oxygen tension levels, HIF-α
proteins are stabilized by migrating to the nucleus and
dimerizing with HIF-1β. This heterodimeric complex binds
to hypoxia-responsive elements (HREs) which in turn regulate
the expression of several genes involved in cellular differen-
tiation, angiogenesis, apoptosis, and metastasis (Semenza
2003; Keith et al. 2011). In accord, previous studies have
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demonstrated a correlation between activation of HIF-1α and
the expression of CD31/PECAM1 and matrix metalloprotein-
ases, known as biomarkers of glioblastoma aggressiveness
(Musumeci et al. 2015a, b). Among HREs, vascular endothe-
lial growth factor (VEGF) is a key player in the angiogenic
process, being secreted by majority of NB cell lines and pri-
mary tumors. In particular, it is a downstream target of both
HIF-1α and HIF-2α leading to aberrant new blood vessel
formation with NB poor prognosis (Noguera et al. 2009).

Under hypoxia, extracellular ATP is converted to ADP and
AMP, which in turn is metabolized to adenosine (Yegutkin
2014). The latter is a ubiquitous nucleoside regulating various
physiological functions. Usually, its levels in body fluids
range from 10 to 200 nM by drastically increasing up to
30 μM under low oxygen tension (Layland et al. 2014;
Fredholm 2007).

Adenosine plays its activity binding to four subtypes of
specific G protein-coupled receptors known as A1 AR, A2A

AR, A2B AR, and A3 AR (Fredholm et al. 1994).
A1 AR stimulation can stimulate adenylyl cyclase (AC),

phospholipase C (PLC), calcium, or potassium channels
through activation of different G proteins (Gi1, Gi2, Gi3,
and G0). The A2A AR coupled to Gs proteins activates AC.
Instead, A2B AR stimulates both AC and PLC through inter-
action with Gs/Gq proteins, whereas A3 AR coupling with Gi
and Gq proteins inhibits AC and stimulates PLC, respectively
(Fredholm et al. 2001).

Noteworthy, the role played by A3 AR in tumor pro-
gression under low oxygen tension has already been
described in other tumors, such as human melanoma
and glioblastoma (Merighi et al. 2001; Merighi et al.
2006; Gessi et al. 2010). In particular, it has been dem-
onstrated that adenosine activates A3 AR in response to
hypoxia by increasing HIF-1α through the stimulation
of the Akt or MAPK pathways (Merighi et al. 2001,
2006; Gessi et al. 2010). This event leads to VEGF
stimulation triggering the aberrant vessel proliferation
in tumor mass (Merighi et al. 2006, 2007).

To date, it has not been explored whether this complex
mechanism is also involved in NB progression. To this end,
the goal of the present work was to investigate the role of A3

AR in the modulation of the hypoxic/angiogenic pathway in a
model in vitro of malignant undifferentiated and all-trans
retinoic acid (RA)-differentiated SH-SY5Y cells, representing
the benign form of this tumor. Our results have shown that A3

AR stimulation by the selective agonist IB-MECA induces
HIF and VEGF expression through the activation of
mitogen-activated protein kinase/Erk kinase (MAPK/ERK)
signaling cascade. Furthermore, the hypoxic insult leading to
angiogenic response mediated by VEGF seems to be more
intense in undifferentiated as compared with RA-
differentiated cells suggesting a key role of A3 AR in NB
malignancy.

Materials and Methods

Cell Culture and Differentiation

The human NB cell line SH-SY5Y, obtained from the
American Type Culture Collection (ATCC) (Rockville, MD,
USA), has been cultured in a mixture of 1:1 Dulbecco’s mod-
ified Eagle’s medium (DMEM) and Ham’s F-12K Nutrient
Medium supplemented with 10% of heat-inactivated fetal bo-
vine serum (FBS), 100 U/ml penicillin, and 100 μg/ml strep-
tomycin and incubated at 37 °C in 5% CO2 (undifferentiated)
as previously described (D'Amico et al. 2014). To realize an
in vitro model of less aggressive neuroblastoma tumor, SH-
SY5Y cells have been differentiated with 10 μM all-trans
retinoic acid (RA) in complete growth medium (RA-
differentiated) (Sigma cat no. 302-79-4) for 1 week
(Maugeri et al. 2016a).

Treatments

Cells grown under hypoxia were exposed for 24 h to 100 μM
desferrioxamine mesylate salt (DFX) (Sigma-Aldrich), a
hypoxia-mimetic agent able to induce hypoxia by inhibiting
the PHDs (Epstein et al. 2001; Hirsilä et al. 2005). This meth-
od offers the advantage to the experimentator to open the
culture plate/dish/flask many times without affecting the hyp-
oxic condition as compared with a hypoxic chamber as previ-
ously described by Maugeri et al. (2018a).

In our experiments, we used 10 μM adenosine (Sigma cat
no. A9251) corresponding to endogenous concentration de-
tected in ischemic areas (Andiné et al. 1990). The selective A3

receptor agonist CI-IB-MECA (10 nM) [N6(3-iodobenzyl)2-
chloroadenosine-5VN-methyluronamide] (Sigma cat no. I
146) or the selective A3 receptor antagonist VUF 5574
(10 nM) N-(2-methoxyphenyl)-N′-[2-(3-pyridinyl)-4-
quinazolinyl]-urea (Sigma cat no. V5888) was added to SH-
SY5Y cells for 24 h in hypoxic condition. Inhibition of the
MAPK/ERK signaling pathway was performed following a
pretreatment of 30 min with the MEK1 inhibitor (PD98059,
50 mM; cat no. #P215, Sigma-Aldrich) as previously de-
scribed by Maugeri et al. 2016b).

3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
Bromide Assay

The number of viable cells was evaluated using the 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) assay following the manufacturer’s instructions
(Roche), as previously described by Maugeri et al. (2018b).
Cells were seeded into 96-well plates at a density of 5 × 103

cells/well in 100 μl of the culture medium in the presence or
absence of RA. After 7 days, both undifferentiated and RA-
differentiated cells were exposed to 100 μM DFX for 24 h.
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The day after, 0.5 mg/ml of MTT (Sigma-Aldrich) was
added to each well and incubated for 4 h at 37 °C. The reaction
was stopped by adding 100 μl of solubilization solution; then,
formazan formed by the cleavage of the yellow tetrazolium
salt MTT was measured spectrophotometrically by absor-
bance change at 550–600 nm using a microplate reader
(Bio-Rad). Six replicate wells were used for each group.

Western Blot Analysis

Proteins were extracted from total cell lysate with buffer con-
taining 20 mM Tris (pH 7.4), 2 mM ethylenediaminetetraace-
tic acid (EDTA), 0.5 mM ethylene glycol-bis(β-aminoethyl
ether)-N,N,N ′ ,N ′-tetraacetic acid (EGTA), 50 mM
mercaptoethanol, 0.32 mM sucrose, and a protease inhibitor
cocktail (Roche Diagnostics, Monza, Italy) using a Teflon
glass homogenizer and then sonicated twice for 20 s using
an ultrasonic probe, followed by centrifugation at 10,000g
for 10 min at 4 °C. Protein concentrations were determined
by the Quant-iT Protein Assay Kit (Invitrogen) as previously
described by D'Amico et al. (2015). About 35 μg of protein
homogenate was diluted in 2× Laemmli buffer (Invitrogen),
heated at 70 °C for 10 min, separated on a Bio-Rad Criterion
XT 4–15% Bis-Tris gel (Invitrogen) by electrophoresis, and
then transferred to a nitrocellulose membrane (Invitrogen).
Blots were blocked using the Odyssey Blocking Buffer (LI-
COR Biosciences, Nebraska). The transfer was monitored by
a prestained protein molecular weight marker (Bio-Rad
Laboratories, Segrate, MI, Italy). Immunoblot analysis was
performed by using appropriate antibodies: mouse anti-HIF-
1alpha (cat no. NB100-105, Novus Biologicals, Littleton, CO,
USA; 1:500), rabbit anti-HIF-2alpha (cat no. NB100-122,
Novus Biologicals; 1:500), goat anti-VEGF (cat no. sc-1836,
Santa Cruz Biotechnology; 1:200), rabbit anti-β-tubulin (cat
no. sc-9104, Santa Cruz Biotechnology; 1:500) (cat no.
ab37150, Abcam), rabbit ant i-ADORA3 (cat no.
SAB4500472, Sigma; 1:500), mouse anti-phospho Erk-1/2
(Thr202 and Tyr204 residues) (pT202/pY204.22A, cat no.
sc-136521, Santa Cruz Biotechnology; 1:200), and mouse
anti-total Erk-1/2 (MK1, cat no. sc-135900, Santa Cruz
Biotechnology; 1:200).

The secondary antibodies goat anti-rabbit IRDye 800CW
(cat no. #926-32211, LI-COR Biosciences), donkey anti-goat
IRDye 800CW (cat no. #926-32214, LI-COR Biosciences),
and goat anti-mouse IRDye 680CW (cat no. #926-68020D,
LI-COR Biosciences) were used respectively at 1:20,000 and
1:30,000.

Blots were scanned with the Odyssey™ Infrared Imaging
System (Odyssey) which is highly sensitive to reveal signals
obtained from both low- and high-abundance proteins detect-
ed by chemiluminescence analysis. To quantify results in or-
der to employ them for statistical analysis, we have performed
densitometric analysis of signals on blots by using the ImageJ

software, as previously described by Maugeri et al. (2017)
(NIH, Bethesda, MD, USA; available at http://rsb.info.nih.
gov/ij/index.html). Values were normalized to β-tubulin used
as a loading control.

Immunolocalization

To determine the cellular distribution of A3 AR and nestin
proteins, immunofluorescence analysis was performed as pre-
viously described by D’Amico et al. (2017). Cells were cul-
tured on glass cover slips, fixed in 4% paraformaldehyde in
phosphate-buffered saline (PBS; 15min at room temperature),
permeabilized with 0.2% Triton X-100, blocked with 0.1%
BSA in PBS, and then probed with rabbit anti-ADORA3
(1:50) and rabbit anti-nestin (1:50) antibodies. Signals were
respectively revealed with Alexa Fluor 488 goat anti-rabbit for
1.5 h at room temperature (shielded from light). DNA was
counterstained with 4,6-diamidino-2-phenylindole (DAPI;
cat no. 940110, Vector Laboratories). After a series of washes
in PBS and double-distilled water, the fixed cells were cover-
slipped with VECTASHIELD mounting medium (Vector
Laboratories, Burlingame, USA). Immunolocalization was
analyzed by confocal laser scanning microscopy (Zeiss
LSM700). Green and blue signals were respectively detected
with laser light at 488 nm/10 mWand 405 nm/5 mW by using
the objective BPlan-Apochromat^ 63×/1.40 Oil DIC M27.
Each scan was individually digitalized by a high-sensitivity
photomultiplier tube using the following acquisition setup:
gain master, 776; digital offset, − 202; and digital gain, 1.0.
All acquisitions were performed with ZEN-2010 software.

Statistical Analysis

Data are represented as mean ± standard error (SEM). One-
way analysis of variance (ANOVA) was used to compare dif-
ferences among groups, and statistical significance was
assessed by the Tukey–Kramer post hoc test. The level of
significance for all statistical tests was set at p ≤ 0.05.

Results

Induction of HIF-1α/HIF-2α Expression by A3
Adenosine Receptor Stimulation

To reproduce in vitro the microenvironment of the NB hyp-
oxic area, we have treated SH-SY5Y and RA-differentiated
cells with a hypoxic mimetic agent, DFX, for 12 h, 24 h,
and 48 h and analyzed their viability through the MTT assay.

As observed in Fig. 1, the survival rate of RA-differentiated
cells appears lower with respect to the undifferentiated group.
However, these data are due to the reduced proliferation in-
duced by RA in differentiated cells blocked in the G1 phase
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(Qiao et al. 2012). Furthermore, DFX treatment significantly
reduced cell viability in all groups as compared with the re-
spective control (*p < 0.05 and ***p < 0.001 vs CTRL,
##p < 0.01 and ###p < 0.001 vs CTRL SH-SY5Y + RA). In
light of these results, we have decided to expose cells to

24 h of hypoxia in the next experiments since we found a
relevant difference among undifferentiated (survival rate re-
duction of ~ 20% as compared with undifferentiated SH-
SY5Y cells) and RA-differentiated cells (survival rate reduc-
tion of ~ 30% as compared with SH-SY5Y cells plus RA)
treated for 24 h with DFX (*p < 0.05 vs CTRL SH-SY5Y,
##p < 0.01 vs CTRL SH-SY5Y + RA).

To confirm that RA-differentiated SH-SY5Y cells repre-
sented the benign form of NB, nestin cytolocalization has
been investigated through immunofluorescence analysis. As
shown in Fig. 2, the immunosignal of this marker associated
with tumor aggressiveness was lower in RA-treated as com-
pared with undifferentiated cells in either normoxia or hypox-
ia confirming the less malignancy of the RA-treated group.

To study the role of A3 AR in NB progression, we have
also analyzed its expression in cells grown in normoxia or
hypoxia. As shown in Fig. 3a, A3 AR levels were significantly
decreased in RA-differentiated as compared with undifferen-
tiated cells (**p < 0.01 vs UNDIFF). Under hypoxia, it upreg-
ulated by significantly increasing in undifferentiated as com-
pared with RA-differentiated NB cells (***p < 0.001 vs
CTRL, ##p < 0.01 vs RA, $$$p < 0.001 vs DFX). This data
has been also confirmed through immunofluorescence

Fig. 1 Viability of undifferentiated and RA-differentiated SH-SY5Y cells
exposed to hypoxia. Cell viability was evaluated on SH-SY5Y cells cul-
tured in growth medium (undifferentiated) or added with 10 μM all-trans
retinoic acid (RA-differentiated) in the presence of 100 μM DFX for 12,
24, and 48 h by the MTTassay. Results are representative of at least three
independent experiments, and values are expressed as percent of CTRL.
*p < 0.05 and ***p < 0.001 vs CTRL undifferentiated; ##p < 0.01 and
###p < 0.001 vs CTRL RA-differentiated, as determined by one-way
ANOVA followed by Tukey’s multiple comparison test

Fig. 2 Expression of nestin protein in undifferentiated and RA-
differentiated neuroblastoma cells exposed to hypoxia. Representative
photomicrographs show the nestin protein (green) obtained with a confo-
cal laser scanning microscope. Cells were cultured in growth medium
(UNDIFF) or added with 10 μM all-trans retinoic acid (RA DIFF) in

normoxic or hypoxic condition. Photomicrographs are representative re-
sults of fields taken randomly from the slide and scanned by confocal
laser scanning microscopy (CLSM; Zeiss LSM700). Nuclei were stained
with DAPI (blue). Scale bar 10 μm and viewed at ×200 magnification
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analysis. Higher A3 AR immunosignal has been detected in
undifferentiated as compared with RA-differentiated cells ex-
posed to hypoxia (Fig. 3b). To evaluate the effect mediated by
A3 AR on HIF expression under low oxygen tension, we have
treated cells with adenosine or the selective A3 AR agonist CI-
IB-MECA alone or in combination with the selective A3 AR
antagonist VUF 5574. As shown in Fig. 4, HIF-1α and HIF-
2α expression was significantly increased in undifferentiated
and RA-differentiated NB cells exposed to hypoxia
(**p < 0.01 and ***p < 0.001 vs UNDIFF, ###p < 0.01 vs
RA DIFF). Treatment with adenosine or CI-IB-MECA

strongly enhanced HIF-1α/2α expression although we have
found higher levels in undifferentiated as compared with RA-
differentiated NB cells (§p < 0.05 and §§§p < 0.001 vs DFX,
^^^p < 0.001 vs RA + DFX, $$$p < 0.001 vs DFX + IB-
MECA).

Co-treatment of undifferentiated and RA-differentiated
cells with CI-IB-MECA and 10 nM VUF 5574 drastically
reduced the expression of HIF-1α/2α, by confirming the A3

AR selective role in hypoxic process modulation ($$$p < 0.001
vs DFX + IB-MECA, +++p < 0.001 vs RA + DFX + IB-
MECA).

Fig. 3 Expression of A3 receptor protein in undifferentiated and RA-
differentiated neuroblastoma cells exposed to hypoxia. a Representative
immunoblots of A3 AR expression levels in SH-SY5Y cells cultured in
growth medium (UNDIFF) or added with 10 μM all-trans retinoic acid
(RADIFF) in normoxic or hypoxic condition. The bar graphs showmean
± SEM of signals, normalized to β-tubulin expression; results from three
independent experiments. **p < 0.01 and ***p < 0.001 vs UNDIFF;
##p < 0.01 vs RA DIFF, as determined by one-way ANOVA followed
by the Tukey post hoc test. Relative band densities were quantified by

using the ImageJ software. b Representative photomicrographs show A3

AR (green) obtained with a confocal laser scanning microscope. Cells
were cultured in growth medium (UNDIFF) or added with 10 μM all-
trans retinoic acid (RA DIFF) in normoxic or hypoxic condition.
Photomicrographs are representative results of fields taken randomly
from the slide and scanned by confocal laser scanning microscopy
(CLSM; Zeiss LSM700). Nuclei were stained with DAPI (blue). Scale
bar 20 μm and viewed at ×100 magnification
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A3 AR Activation Mediates VEGF Expression

To demonstrate that A3 AR activation leading to HIF-1α/2α
upregulation is involved in NB aberrant angiogenesis, we
have evaluated VEGF levels in untreated and RA-treated cells
cultured under hypoxia with CI-IB-MECA alone or in com-
bination with VUF 5574. As shown in Fig. 5, the selective
administration of the A3 AR agonist significantly increased
the expression of VEGF in cells exposed to hypoxia
(§§§p < 0.001 vs DFX, ^^^p < 0.001 vs RA +DFX) whereas
CI-IB-MECA plus VUF 5574 co-treatment drastically re-
duced its level in either undifferentiated or RA-treated cells
($$$p < 0.001 vs DFX + IB-MECA, +++p < 0.001 vs RA +
DFX + IB-MECA).

However, VEGF expression was significantly higher in
SHSY5Y as compared with RA-treated cells during the

hypoxic process, suggesting that A3 AR mediates a more in-
tense effect on the hypoxic/angiogenic process in undifferen-
tiated malignant cells ($$$p < 0.001 vs DFX + IB-MECA).

A3 AR Activation Modulates the Hypoxic/Angiogenic
Process Through the Stimulation of the MAPK/ERK1/2
Pathway

To investigate whether A3 AR activation modulates HIF ex-
pression through the stimulation of the MAPK/ERK1/2 path-
way, we have treated undifferentiated and RA-differentiated
NB cells exposed to hypoxia with CI-IB-MECA and
PD98059, a MEK1 inhibitor. As shown in Fig. 6, PD98059
co-treatment with the A3 AR selective agonist has significant-
ly decreased the expression levels of both HIF-1α and HIF-2α
in untreated and RA-treated cells exposed to hypoxia as

Fig. 4 Induction of HIF expression by adenosine in undifferentiated and
RA-differentiated neuroblastoma cells exposed to hypoxia.
Representative immunoblots of HIF-1α and HIF-2α expression levels
in SH-SY5Y cells cultured in growth medium (UNDIFF) or added with
10 μM all-trans retinoic acid (RA DIFF) in normoxic or hypoxic condi-
tion treated with 100 μM adenosine or 100 nM IB-MECA alone or in
combination with 10 nM of VUF 5574 for 24 h. The bar graphs show

mean ± SEM of signals, normalized to β-tubulin expression; results from
three independent experiments. **p < 0.01 and ***p < 0.001 vs
UNDIFF; #p < 0.05 and ###p < 0.001 vs RA DIFF; §§§p < 0.001 vs
DFX; ^^^p < 0.001 vs RA + DFX, ^^^p < 0.001 vs RA + DFX;
+++p < 0.001 vs RA + DFX + IB-MECA, as determined by one-way
ANOVA followed by the Tukey post hoc test. Relative band densities
were quantified by using the ImageJ software
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compared with cells cultured with IB-MECA alone
($$$p < 0.001 vs DFX + IB-MECA, +++p < 0.001 vs RA +
DFX + IB-MECA).

To confirm the MAPK/ERK1/2 pathway involvement in
HIF expression mediated by A3 AR, we analyzed the activa-
tion state of ERK1/2 in untreated and RA-treated cells ex-
posed to hypoxia after A3 AR agonist treatment. As demon-
strated in Fig. 7, CI-IB-MECA treatment significantly in-
creased the phosphorylation of ERK1/2 (§§§p < 0.001 vs
DFX, ^^^p < 0.001 vs RA + DFX).

Discussion

NB prognosis differs based on the tumor stage and its biolog-
ical characteristics. Subjects with low-risk disease are gener-
ally managed with surgical resection. Intermediate patients
undergo surgical resection and chemotherapy, whereas the

procedures for high-risk patients remain controversial needing
the identification of a new therapeutic approach to improve
survival (Murphy and La Quaglia 2014).

The progression of NB towards a more aggressive and
metastatic phenotype is triggered by a low oxygen tension
microenvironment leading to the generation of immature stem
cells. Furthermore, hypoxia represents the major driving force
towards tumor vascularization. VEGF, a downstream target of
both HIF-1α and HIF-2α released by NB cells and other pri-
mary tumor cells, promotes endothelial cell proliferation and
angiogenesis (Noguera et al. 2009).

In the last decades, several evidences have shown the in-
volvement of adenosine in tumor progression through media-
tion of the immune system. In particular, this purine nucleo-
side, highly expressed in the hypoxic core of a solid tumor,
interferes with the cancer cell recognition mediated by the
cytolytic immune system (Blay et al. 1997; Merighi et al.
2003). Among the four G protein-coupled ARs, A3 AR could

Fig. 5 Expression of VEGF from undifferentiated and RA-differentiated
neuroblastoma cells exposed to hypoxia via the A3 adenosine receptor.
Representative immunoblot of VEGF expression in SH-SY5Y cells cul-
tured in growth medium (UNDIFF) or added with 10 μM all-trans
retinoic acid (RA DIFF) treated with 100 nM IB-MECA alone or in
combination with 10 nM of VUF 5574 under hypoxic condition. The
bar graphs show mean ± SEM of signals, normalized to β-tubulin

expression; results from three independent experiments. ***p < 0.001
vs UNDIFF; §§§p < 0.001 vs DFX; $$$p < 0.001 vs DFX + IB-MECA;
###p < 0.001 vs RA DIFF; ^^^p < 0.001 vs RA + DFX; +++p < 0.001 vs
RA + DFX + IB-MECA, as determined by one-way ANOVA followed
by the Tukey post hoc test. Relative band densities were quantified by
using the ImageJ software
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be an interesting target in cancer therapy. This receptor is
highly expressed in several tumors, including human malig-
nant melanoma, mouse pineal gland tumor cells, glioblasto-
ma, and human prostatic cells (Gessi et al. 2001; Merighi et al.
2001, 2006; Suh et al. 2001; Gessi et al. 2002; Jajoo et al.
2009). Its stimulation is involved in the control of the cell
cycle. However, it seems to have either a pro- or antiapoptotic
controversial role depending on the cell type (Yao et al. 1997;
Nakamura et al. 2006; Gessi et al. 2007).

In the last years, more attention has been addressed towards
the relationship between A3 AR and hypoxia. Previous studies
have indicated that this receptor is able to transduce extracel-
lular hypoxic signals into the cell by increasing HIF levels
through MAPK/ERK1/2 signaling cascade activation (Gessi
et al. 2004; Merighi et al. 2005, 2006; Torres et al. 2019).

Furthermore, its activation promotes VEGF expression, a
key player in the angiogenic process of glioblastoma and co-
lon cancer cells.

To reproduce in vitro the low oxygen tension microenvi-
ronment of the NB area, we have treated SH-SY5Y and RA-
differentiated cells with a hypoxic mimetic agent, DFX. This
salt acts through the chelation of Fe2+ bound to the active site
of PHD, involved in HIF-1 degradation. The increased level
of the latter regulates the oxygen supply to tissue and cells by
decreasing the activity of its major consumers, mitochondria
(Okamoto et al. 2017). Here, we have demonstrated for the
first time the involvement of A3 AR in NB progression via
modulation of the hypoxic process. We have found high ex-
pression of A3 AR following hypoxic insult, particularly in
undifferentiated rather than RA-treated SH-SY5Y cells (Fig.

Fig. 6 A3 adenosine receptor regulates HIF expression in undifferentiated
and RA-differentiated neuroblastoma cells exposed to hypoxia through
the MAPK/ERK pathway. Representative immunoblot of HIF-1α and
HIF-2α expression in SH-SY5Y cells cultured in growth medium
(UNDIFF) or added with 10 μM all-trans retinoic acid (RA DIFF) treated
with 100 nM IB-MECA or 50 μM PD98059 alone or in combination
under hypoxic condition. The bar graphs show mean ± SEM of signals,

normalized to β-tubulin expression; results from three independent ex-
periments. §§§p < 0.001 vs DFX; $$$p < 0.001 vs DFX + IB-MECA;
°p < 0.05 vs DFX + PD98059; ^^^p < 0.001 vs RA + DFX; +++p < 0.001
vs RA + DFX + IB-MECA; £££p < 0.001 vs RA + DFX + PD98059, as
determined by one-way ANOVA followed by the Tukey post hoc test.
Relative band densities were quantified by using the ImageJ software
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3a, b). The latter could be considered an in vitro model of
ganglioneuroma, representing the most benign form of
neuroblastic tumors. In accord, nestin, a marker of malignan-
cy, is drastically increased in undifferentiated NB cells
confirming their high-grade aggressiveness (Fig. 2).

During tumor growth, hypoxic areas progress into the can-
cer mass as a response to low oxygen supply leading to tissue
necrosis and neovascularization. Cellular microenvironment
modifications lead to adenosine accumulation in tissue as a
result of extracellular ATP metabolism (Layland et al. 2014;
Fredholm 2007). Upregulation of this nucleoside is involved
in a cellular response to hypoxia. In particular, increased level
of this autacoid in extracellular fluid could have a key role in
tumor growth by stimulating the hypoxic/angiogenic pathway
(Leone and Emens 2018).

In accord, we have demonstrated that adenosine modulates
this pathway in NB through stimulation of A3 AR and this effect
is more intense in undifferentiated than in differentiated cells.

In line with previous studies, our results have shown that in
response to hypoxia, adenosine increases HIF-1α and HIF-2α
expression in NB (Merighi et al. 2005, 2006). Moreover, this

effect is A3 AR-mediated since HIF-1α and HIF-2α expres-
sion is drastically increased or reduced treating cells with the
A3 AR agonist or antagonist, respectively (Fig. 4).

As previously argued, hypoxia increases the endothelial
specific mitogen VEGF playing a key role in neovasculariza-
tion of NB cells (Roy Choudhury et al. 2011). Our data
showed that adenosine mediates angiogenesis through selec-
tive activation of A3 AR leading to VEGF overexpression in
undifferentiated and RA-differentiated NB cells exposed to
hypoxia (Fig. 5).

Different reports have demonstrated that a hypoxia-driven
VEGF autocrine loop is involved in NB cell proliferation,
aggressiveness, and drug resistance (Das et al. 2005; Lim
et al. 2004; Mottet et al. 2002). Furthermore, the MAPK-
ERK1/2 pathway is required for the HIF overexpression in-
duced by A3 AR activation in human melanoma, glioblasto-
ma, and colon cancer cells in response to hypoxia (Merighi
et al. 2005, 2006). Here, we have demonstrated the direct
involvement of A3 AR activation in the hypoxic/angiogenic
event in NB mediated by the MAPK-ERK1/2 pathway
(Figs. 6 and 7).

Fig. 7 A3 adenosine receptor regulates the phosphorylation of ERK1/2 in
RA-differentiated neuroblastoma cells exposed to hypoxia.
Representative immunoblots of p-Erk1/2 expression in SH-SY5Y cells
cultured in growth medium (UNDIFF) or added with 10 μM all-trans
retinoic acid (RA DIFF) treated with 100 nM IB-MECA under hypoxic
condition. The bar graphs show mean ± SEM of signals. Each signal of

the phosphorylated protein was normalized to total protein expression.
***p < 0.001 vs UNDIFF; §§§p < 0.001 vs DFX; ###p < 0.001 vs RA
DIFF; ^^^p < 0.001 vs RA + DFX, as determined by one-way ANOVA
followed by the Tukey post hoc test. Relative band densities were quan-
tified by using the ImageJ software
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Conclusion

To conclude, the overexpression as well as the ability to in-
tensively trigger the hypoxic/angiogenic pathway in undiffer-
entiated cells has suggested that A3 ARmay represent a mark-
er or a therapeutic target of malignant NB useful for improv-
ing the clinical outcome of patients.
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