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Modulatory activity of ADNP on the hypoxia-induced
angiogenic process in glioblastoma
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Abstract. Glioblastoma multiforme (GBM) is a brain cancer
with a poor prognosis that affects adults. This is a solid tumor
characterized by a high rate of cell migration and invasion.
The uncontrolled cell proliferation creates hypoxic niches
in the tumor mass, which leads to the overexpression of
hypoxia-inducible factors (HIFs). This induces the activation
of the vascular endothelial growth factor (VEGF), which is
responsible for uncontrolled neoangiogenesis. Recent studies
have demonstrated the anti-invasive effect of pituitary adenylate
cyclase-activating peptide (PACAP) in GBM. PACAP effects
on the central nervous system are also mediated through the
activity-dependent neuroprotective protein (ADNP) activa-
tion. To date, no evidence exists regarding its role in GBM.
Therefore, the ADNP involvement in GBM was investigated.
By analyzing ADNP expression in a human GBM sample
through confocal microscopy, a high ADNP immunoreactivity
was detected in most glial cells and its predominant expres-
sion in hypoxic areas overexpressing HIF-1a was highlighted.
To investigate the role of ADNP on the HIF-VEGF axis in
GBM, a human U87MG GBM cell line was cultured with a
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hypoxic mimetic agent, deferoxamine, and cells were treated
with the smallest active fragment of ADNP, known as NAP.
The protein expression and distribution of HIF-1a and VEGF
was detected using western blot analysis and immunofluo-
rescence assay. Results demonstrated that ADNP modulates
the hypoxic-angiogenic pathway in GBM cells by reducing
VEGEF secretion, detected through ELISA assay, as well as
modulating their migration, assessed through wound healing
assay. Although deeper investigation is necessary, the present
study suggested that ADNP could be involved in PACAP
anti-invasive effects in GBM.

Introduction

Glioblastoma (GBM), known as grade IV astrocytoma, is a
fatal brain cancer affecting adults with a median survival
between 14-17 months (1). In a recent review, the existing
criteria used for its classification were summarized based
on histologic features (astrocytoma of grades I, II, III and
IV, named as GBM), molecular subtypes (Proneural/Neural,
Classical, and Mesenchymal), or gene mutations such as
TP53, PTEN, Neu-rofibromin-1 and epidermal growth factor
receptor (EGFR) or isocitrate dehydrogenase (IDH) enzyme
mutations (2). This solid tumor is characterized by a stroma
containing cells with a different phenotype, blood vessels
and infiltrating cells, which confer epigenetic and genetic
heterogeneity to the mass. This is directly responsible for
the cancer progression and results in a difficult therapeutic
approach (3).

Hypoxic niches are a common feature of solid tumors.
In these areas, hypoxia triggers aberrant angiogenesis and
promotes stem cell population growth in the cancer mass.
These hypoxia-driven events are related to a poor prognosis
as well as therapy resistance in patients with GBM (4,5). More
specifically, the hypoxic microenvironment induces a tran-
scription of hypoxia-inducible factors (HIFs), such as HIF-1a,
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that translocases into the nucleus and binds to the constitu-
tive HIF-1f subunit, forming a heterodimeric complex. This
complex activates the hypoxia response elements, triggering
the activation of numerous downstream target genes such as
vascular endothelial growth factor (VEGF), which is involved
in the neoangiogenesis process (6,7). Thus, the identification of
molecules targeting the tumor hypoxic pathway could improve
GBM regression. At present, the standard therapy consists of
a multimodal approach including surgery, radiotherapy and
chemotherapy with Temozolomide (TMZ) (8.,9). This latter
is a DNA alkylating agent, which induces the destruction of
cancer cells by blocking DNA replication (10). However, TMZ
has shown different side effects including hepatic impairment
and myelosuppression (11).

Previously, it has been demonstrated that the pituitary
adenylate cyclase-activating polypeptide (PACAP) is
involved in GBM malignancy. It regulates cell invasion and
interferes with epithelial-mesenchymal transition (EMT), a
process implicated in invasiveness of cancer cells towards
surrounding tissue (12-14). This peptide is expressed both in
the central nervous system (CNS) and in peripheral organs
where PACAP exerts numerous biological effects depending
on the physio-pathological conditions (15-21). The multitude of
PACAP effects depends on its binding to the G protein-coupled
receptors known as PAC1 (PACI1-R), VPAC-1, and VPAC-2
receptors (VPACI-R and VPAC2-R), through which it acti-
vates the adenylate cyclase (AC) and/or phospholipase C
pathways (22). PACAP effects in the CNS are also mediated
by the induction of the activity-dependent neuroprotective
protein (ADNP), an intracellular astrocyte-derived neuro-
trophic factor (23-25). ADNP intracellular stimulation occurs
in a bimodal manner based on PACAP concentration (26-28).
In fact, sub-picomolar concentrations of PACAP induce ADNP
release via PAC1-R activation, whereas nanomolar concentra-
tions induce ADNP expression mediated through VPAC1-R
stimulation (29-31). ADNP is a protein essential for brain
development and cognitive activity (32,33). Furthermore, its
involvement in different tumors such as malignant peripheral
nerve sheath tumors (34), colon (35), breast (36), ovarian (37)
and bladder cancer (38) and high-grade serous carcinoma (39)
has been previously reported. However, the functional role of
ADNP in other human cancer development remains poorly
characterized, and no evidence exists regarding its involve-
ment in GBM. In the present study, the ADNP involvement
in this malignancy was investigated for the first time, in
particular its role in tumor hypoxic areas. The results
revealed that ADNP is expressed in most glial cells of human
GBM sections, particularly in hypoxic areas. To investigate
whether ADNP interferes with hypoxia-mediated aberrant
angiogenesis, human GBM cells were exposed to a hypoxic
mimetic agent, deferoxamine (DFX), and were treated with
the smallest active element of ADNP, known as NAP. It is an
8-amino acid peptide synthesized from ADNP and contains
its neuroprotective active site. NAP is largely used in different
in vitro and in vivo studies showing protective activity already
at femtomolar concentrations (40). Moreover, its chemical
structure allows it to cross the cell membrane where it binds
to microtubules and protects astrocytes and neurons (41,42).
The present results suggested that ADNP exerts modulatory
activity in GBM progression.

Materials and methods

Human GBM sample and cell lines. The frozen sections of one
human GBM sample were provided from Anatomic Pathology,
Department of Medical and Surgical Sciences and Advanced
Technologies ‘G.F. Ingrassia’, University of Catania. The present
study was approved (approval no. CRAM-015-2020; 16 March
2020) by the ethics committee of the Research Center on Motor
Activities (CRAM) of the University of Catania (Catania, Italy).
The single GBM sample was processed after the patient (female;
61 years-old; date of sample collection, 25/04/14) had signed
the informed consent. The surgical sample was submitted for
frozen sections at the Anatomic Pathology Laboratory from our
Institution and the following inclusion criteria were adopted:
i) representative and viable tumor tissue had to be present; ii) it
must not have contained neither necrosis nor extensive hemor-
rhagic changes; and iii) the frozen tissue had to be sufficient
to obtain additional sections for immunohistochemical and
immunofluorescence analyses.

Further analyses were also performed by using human GBM
cell lines of unknown origins, U§7MG (cat. no. HTB-14) and
A172 (cat. no. CRL-1620), obtained from the American Type
Culture Collection (ATCC). These cell lines were cultured in
Dulbecco's modified Eagle's medium (DMEM) with 10% of
heat-inactivated fetal bovine serum (FBS), 100 U/ml penicillin
and 100 pg/ml streptomycin (all from Sigma-Aldrich; Merck
KGaA) and incubated at 37°C in a humidified atmosphere
with 5% CO, as previously described (43). DFX (100 uM;
Sigma-Aldrich; Merck KGaA) was used to mimic hypoxic
conditions. In particular, US7TMG cells were cultured for 24 h
in normoxia or DFX-induced hypoxia with or without NAP
(New England Peptide, Inc.) at different concentrations of
10 nM, 100 nM and 1 uM. The use of exogenous administra-
tion of DFX, representing a hypoxia-mimetic iron chelator,
offers the advantage of allowing the experimenter to open
the culture plate or dish numerous times without altering the
hypoxic conditions respect to the cell incubation method in the
hypoxic chamber.

Immunohistochemical assay. One surgically resected tumor
sample was included in OCT and fresh-frozen sections were cut
at 5 uM and fixed in 4% paraformaldehyde for 30 min at room
temperature. Subsequently, the inhibition of the endogenous
peroxidase activity was performed as previously described (44)
by using 3% H,0, in methanol for 10 min. The sections
were then incubated with 1% bovine serum albumin (BSA)
(cat. no. A-3294; Sigma-Aldrich; Merck KGaA) in PBS for 1 h
at room temperature in order to reduce non-specific staining.
Subsequently, they were incubated overnight at 4°C with rabbit
anti-ADNP primary antibody (1:50; cat. no. NBP1-89236;
Novus Biologicals, LLC). Then, the sections were incubated
at 4°C for 30 min with secondary antibodies conjugated to
polymer-HRP (LSAB+ System-HRP; cat. no. KO609; Dako;
Agilent Technologies, Inc.). The immunoreaction was revealed
by incubating at room temperature the sections for 5 min with
the 3,3'-diaminobenzidine (DAB) solution (DAB substrate Kit;
cat. no. SK-4100; Vector Laboratories, Inc.). The sections were
incubated for 3 min at room temperature with hematoxylin
that was used as a nuclear counterstain. The stained sections
were dehydrated through graded alcohol, cleared in xylene
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and covered with neutral balsam. The sections were examined
with a Zeiss Axioplan light microscope (Carl Zeiss AG) and
images were captured with a digital camera (AxioCam MRc5;
Carl Zeiss AG).

Immunofluorescence assay. To determine the distribution
of ADNP, GFAP, and HIF-1a, immunofluorescence analysis
was performed as previously described (45). One surgically
resected tumor sample was included in OCT and fresh-frozen
sections were cut at 5 yM and fixed in 4% paraformaldehyde for
30 min. Subsequently, the inhibition of the endogenous peroxi-
dase activity was performed as previously described (44), by
using 3% H,0, in methanol for 10 min. The sections were
then incubated with 1% BSA dissolved in PBS for 1 h in
order to reduce non-specific staining. They subsequently
were incubated overnight with at 4°C with rabbit anti-ADNP
(1:50), mouse anti-HIF-1a (1:50; cat. no. NB100-105; Novus
Biologicals, LLC) and mouse anti-GFAP (1:100; cat. no. IFO3L,
Calbiochem; Merck KGaA) antibody.

Cells were cultured on glass cover slips, fixed in 4%
paraformaldehyde in PBS for 15 min at room temperature,
permeabilized with 0.2% Triton X-100 (cat. no. sc-29112;
Santa Cruz Biotechnology, Inc.), blocked with 0.1% BSA
in PBS and then probed with rabbit anti-ADNP (1:50) and
mouse anti-HIF-1a (1:50) antibody. Signals were revealed
with Alexa Fluor 488-conjugated goat anti-rabbit (1:20,000;
cat. no. A-11008) or Alexa Fluor 594-conjugated goat
anti-mouse (1:30,000; cat. no. A-21203; both from Thermo
Fisher Scientific, Inc.) secondary antibodies for 1 h at room
temperature (shielded from light). DNA was counterstained
with 4,6-diamidino-2-phenylindole (DAPI; cat. no. 940110;
Vector Laboratories, Inc.). After a series of washes in PBS and
double-distilled water, the fixed cells were cover-slipped with
Vectashield mounting medium (Vector Laboratories, Inc.).
Immunolocalization was analyzed by confocal laser scanning
microscopy (Zeiss LSM700). Green and blue signals were
respectively detected with laser light at 488 nm/10 mW and
405 nm/5 mW by using the objective PLANAPOCHROMAT’
63x/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; digital
gain: 1.0. All acquisitions were performed with ZEN-2010
software (Zeiss GmbH).

Western blot analysis. Proteins were extracted with buffer
containing 20 mM Tris (pH 7.4), 2 mM EDTA, 0.5 mM
EGTA, 50 mM mercaptoethanol, 0.32 mM sucrose and a
protease inhibitor cocktail (Roche Diagnostics) as previously
described (43). The total cell lysates were homogenized,
sonicated twice for 20 sec, and then protein concentra-
tions were determined by the Quant-iT Protein Assay kit
(cat. no. Q33211; Invitrogen; Thermo Fisher Scientific, Inc.).
The protein homogenate (~35 pg) was diluted in Laemmli
buffer (cat. no. 1610747; Bio-Rad Laboratories, Inc.), heated
at 70°C for 10 min, separated by electrophoresis by using
4-15% precast polyacrylamide gel Mini-PROTEAN TGX™
Precast Protein Gels (cat. no. 4561084) and subsequently
transferred in nitrocellulose membrane (cat. no. 1704158; both
from Bio-Rad Laboratories, Inc.). The Precision Plus Protein
Standard (cat. no. 161-0373; Bio-Rad Laboratories, Inc.)
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was used to monitor electrophoresis. The proteins trans-
ferred onto nitrocellulose membrane were blocked for
1 h at room temperature with Odyssey Blocking Buffer
(cat. no. 927-70001; LI-COR Biosciences), and incubated
overnight at 4°C with rabbit anti-ADNP (1:200), mouse
anti-HIF-1a (1:200), goat polyclonal anti-VEGF (1:200;
cat. no. sc-1836) and rabbit polyclonal anti-B-tubulin
(cat. no. sc-9104; both from Santa Cruz Biotechnology, Inc.).
The secondary antibodies [goat anti-rabbit IRDye 800CW
(1:20,000; cat. no. 926-32211), donkey anti-goat IRDye
800CW (1:20,000; cat. no. 926-32214) and goat anti-mouse
IRDye 680CW (1:30,000; cat. no. 926-68020D; all from
LI-COR Biosciences)] were used. Blots were visualized with
an Odyssey Infrared Imaging System (Odyssey; https:/www.
bioagilytix.com/li-cor-for-quantitative-western-blots/) and the
densitometric analyses of blots were performed by using the
Imagel] software version 1.46 (Nstional Institutes of Health).
Values were normalized to f-tubulin that was used as a
loading control.

ELISA. VEGF-A release in conditioned media was
measured by using the ELISA sandwich enzymatic method
with a specific anti-VEGF-A antibody (human VEGF-A;
cat. no. ELH-VEGF; RayBiotech, Inc.) coated on a 96-well
plate, according to the manufacturer's guidelines. Briefly,
confluent US7MG cells cultured in media supplemented with
1% FBS were treated for 24 h with DFX with or without
100 nM NAP. Standards or supernatants from samples
were pipetted into the wells containing the immobilized
anti-VEGF-A antibody. Then, wells were washed before
adding biotinylated anti-human VEGF antibody. Following
incubation, the unbound biotinylated antibody was washed off,
and HRP-conjugated streptavidin was pipetted in each well.
After an additional wash step, a 3,3',5,5'-tetramethylbenzidine
substrate solution was added to each well, resulting in a blue
coloration proportional to the amount of bound VEGEF. Finally,
the stop solution was added, and the colorimetric intensity of
the blue substrate now turned yellow was measured at 450 nm.
The mean absorbance was calculated for each set of duplicate
standards, controls and samples, and the average zero standard
optical density was subtracted.

Conditioned medium (CM) preparation and tube formation
assay. The U88TMG cells were cultured in a medium
containing 1% FBS, representing CM1 (control) or containing
either 100 nM NAP (CM2) or 100 uM DFX (CM3) or DFX +
100 nM NAP (CM4). They were incubated for 24 h at 37°C.
Subsequently, the CMs were collected and after centrifugation
at 15,000 x g for 5 min at room temperature the supernatants
were frozen at -80°C until use. By adding 95 ul of Geltrex
matrix for each well in a plate of 24 wells for 30 min at
37°C, polymerization was enabled. Murine micro-vascular
endothelial cells (H5V) were cultured overnight in a starved
medium. Therefore, the H5V were seeded into the layer of
Geltrex matrix and cultured in a medium containing 200 ul
of CM1, CM2, CM3 or CM4 at 37°C for 24 h. A total of 5
randomly selected fields of view were captured with a digital
camera (Canon) attached to a light inverted microscope (Axio
Observer Al; Carl Zeiss AG). Tube number per field was
calculated as percentage of control (%).
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Figure 1. ADNP expression in human GBM sections. (A) Representative photomicrograph of ADNP immunoreactivity detected in a frozen GBM sample.
(B) Photomicrographs reveal the immunofluorescent signal of ADNP and GFAP in a frozen GBM sample. White arrows indicate ADNP immune-negative
cells. Scale bar, 20 ym. ADNP, activity-dependent neuroprotective protein; GBM, glioblastoma.
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Figure 2. ADNP and HIF-la co-localization in human GBM sections. (A) Photomicrographs show the immunofluorescence signal of ADNP (green) and
HIF-1a expression (red) in fresh-frozen sections of a surgically resected GBM sample. Nuclei were stained with DAPI. The white squares indicate a representa-
tive hypoxic area with higher HIF-1a expression than the non-hypoxic area outlined by yellow squares with a weak HIF-1a expression. (B) HIF-1o/ADNP
expression in these selected areas were analyzed by using Mander's overlap coefficient. Data represent the mean = SEM. "‘P<0.05. ADNP, activity-dependent

neuroprotective protein; HIF, hypoxia-inducible factor; GBM, glioblastoma.

Wound healing assay. USTMG cells were cultured in a six-well
plate at a density of 5x10*cells/well, then were scratched with a
200 pl pipette tip and wound closure was followed. Cells were
incubated in a 1%-FBS medium with or without 100 nM NAP
either in normoxia or in DFX-induced hypoxia (DFX 100 uM)
and the distance that the advancing cells had moved into the
cell-free (wound) area was measured after 24 h. Quantitative
measurement of the wound area was performed under a light
inverted microscope and calculated using ImagelJ software
version 1.46 (National Institutes of Health). Data are repre-
sented as % wound closure measured 24 h after scratching,
observed in two random fields per well, in duplicate wells and
expressed as a percentage respect to control (%).

Statistical analysis. To analyze the results, GraphPad Prism
version 6 software (GraphPad Software, Inc.) was used and
data are represented as the mean + standard error of the mean
(SEM). An unpaired, two-tailed Student's t-test was performed
for comparisons between two groups. One-way analysis of
variance was used to compare differences among three or
more groups. Statistical significance was determined with the
Tukey-Kramer post hoc test. Co-localization of ADNP with
HIF-1a was analyzed using Mander's overlap coefficient and
unpaired t-tests. The level of significance for all statistical tests
was set at P<0.05.

Results

ADNP expression in GBM tissue and cells. ADNP expression
was detected in a GBM sample by immunohistochemical

analysis (Fig. 1A). The analyzed GBM was classified as
IDH-wild-type tumors obtained from the original tumor of
one patient. Since the cancer tissue is characterized by high
cellular heterogeneity (46-48), to clarify in an improved way
the phenotype of the cells expressing ADNP, double-labeling
staining was conducted by using the selected marker for
ADNP with that against GFAP. As revealed in Fig. 1B, most
of the cells were immune-positive to both GFAP (red fluo-
rescence) and ADNP (green fluorescence). To investigate the
ADNP expression in the hypoxic areas of GBM, its tissue
co-expression with HIF-1la was detected by performing
double-immunofluorescence analysis on human GBM sections
(Fig.2A). The white square indicate the hypoxic area displaying
enhanced levels of HIF-1a and the yellow square to include the
non-hypoxic area (Fig. 2A). The immunofluorescence signals
detected for ADNP in hypoxic areas were quantified through
the Mander's overlap coefficient. It was revealed that ADNP
expression was significantly reduced in weakly hypoxic areas
compared with hypoxic areas (Fig. 2B; P<0.05).

To characterize the ADNP role in this tumor, further exper-
iments were carried out in vitro by using A172 and US7TMG
GBM cell lines. By performing western blot analysis, a similar
protein expression profile was observed between GBM tissue
and US7MG cells. By contrast, no signal was detected in A172
cells (Fig. 3A and B). This data was corroborated by immu-
nofluorescence analysis revealing an ADNP immune-positive
signal in the US7MG cells both in nuclear and in cytoplasmic
compartments (Fig. 3C), in contrast to very low immunore-
activity detected in A172 cells. This evidence suggested that
peptide expression depends on cell genotype (49).
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Figure 3. ADNP expression in a frozen GBM sample and in A172 and U87MG GBM cell lines. (A) Representative immunoblots of ADNP expression in
one frozen GBM sample, A172 and U87MG cell homogenates. (B) The bar graphs show quantitative analysis of signals obtained by three independent
experiments. Data are presented as the mean + SEM. (C) The photomicrographs show the distribution of ADNP (green fluorescence) in A172 and U§7TMG
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cell lines. Scale bar, 20 pm. ““P<0.001 vs. Frozen sample and *#P<0.01 vs. U87MG, as determined by one-way ANOVA followed by Tukey's post-hoc test.

ADNP, activity-dependent neuroprotective protein; GBM, glioblastoma.

Role of ADNP on the hypoxic angiogenic pathway. Due to
the important role of the hypoxic microenvironment on tumor
progression, it was investigated whether hypoxic insult affects
ADNP expression in US7MG and A172 cells. In a preliminary
study, the HIF-1a expression at different time points after DFX
treatment was analyzed to verify the hypoxia status. Based on
the results, 24 h was selected as a time point, as in this time
frame the HIF-1a levels were higher than levels of the other
examined time points of 12, 24 and 48 h (data not shown).
As revealed in Fig. 4A and B, DFX treatment significantly
increased ADNP expression compared with untreated US7MG
cells ("P<0.01 vs. Control). By contrast, A172 cells did not
express ADNP either in basal conditions or after DFX treat-
ment (Fig. 4D). Based on this evidence, US7MG were selected
cells to conduct further experiments. The detection of HIF-1a
levels was used as a positive control to confirm that hypoxia
occurs (Fig. 4C and E; ""P<0.001 vs. Control). To understand
the role of ADNP on hypoxia-induced GBM progression in an
improved way, the effect of NAP, the active fragment of ADNP,
was analyzed at different concentrations in US87MG cell line
cultured in DFX. As demonstrated in Fig. 5, 100 nM NAP

represents the lower concentration that significantly affected
HIF-1a levels by reducing its expression as compared with
DXF-treated cells (***P<0.01 vs. DFX). Based on this result,
100 nM of NAP was used to study the role of ADNP on the
hypoxic/angiogenic pathway in US7MG cells. DFX-induced
hypoxia significantly increased HIF-1a. levels in respect to the
control group (Fig.6A and B; **P<0.001 vs. Control). Exogenous
administration of the peptide significantly reduced HIF-1a
expression in DFX-treated cells (Fig. 6A and B; #/P<0.01 vs.
DFX). This data was corroborated by immunofluorescence
analysis (Fig. 6D) since the high HIF-1a immunoreactivity
displayed in the DFX-treated group was downregulated
following NAP exogenous administration. To characterize
the effect of NAP on the hypoxia-angiogenic pathway, VEGF
expression and release were measured in human GBM cells
cultured for 24 h in a medium containing DFX. Data revealed
increased intracellular VEGF levels (Fig. 6A) as well as its
secretion (Table I) in the DFX-treated group compared with
control cells (P<0.001 vs. Control; Fig. 6C). NAP treat-
ment significantly reduced VEGF expression (Fig. 6C) and
release (Table I) in the culture medium of cells grown under
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Figure 4. ADNP and HIF-1a expression in U87MG and A172 cells cultured in DFX-induced hypoxia. (A and D) Representative immunoblots of ADNP and
HIF-1a expression in (A) US7MG and (D) A172 cells cultured in normoxia (Control) and in DFX-induced hypoxia (DFX). (B, C and E) The bar graphs show
quantitative analysis of signals obtained by three independent experiments. In the bar graph, values are expressed as the mean + SEM by setting the control
group value to 1. “P<0.01 and ““P<0.001 vs. Control, as determined by unpaired two-tailed Student's t-test. ADNP, activity-dependent neuroprotective protein;

HIF, hypoxia-inducible factor; DFX, deferoxamine.
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Figure 5. Dose response effect of NAP on HIF-1a expression cultured in
DFX for 24 h. (A) Representative immunoblots of HIF-1a expression in
U87TMG cells treated with vehicle (Control), DFX and DFX plus NAP at
10 nM, 100 nM and 1 M for 24 h. (B) The bar graphs show quantitative
analysis of signals obtained by three independent experiments. In the bar
graph, values are expressed as the mean £ SEM by setting the control group
value to 1. "“P<0.001 vs. Control and “#P<0.001 vs. DFX, as determined by
one-way ANOVA followed by Tukey's post-hoc test. HIF, hypoxia-inducible
factor; DFX, deferoxamine.

sk ok

normoxia or DFX-induced hypoxia (" P<0.001 vs. Control;
##1P<0.001 vs. DFX).

To further analyze the involvement of NAP in the angio-
genesis process, the number of tube-like structures formed
by H5V microvascular endothelial cells cultured in a CM
derived from U87MG cells cultured under normoxia or
DFX-induced hypoxia and treated with NAP was measured.
The results revealed that the number of tube-like structures
was increased in cells cultured in CM3, derived from GBM
cells exposed to DFX and containing 6,427 pg/ml VEGEF, as
compared with CM1 cultured cells containing 3784 pg/ml
VEGF (Fig. 7A and B; ""P<0.001 vs. CM1). The number of
new vessels was significantly reduced in H5V cells cultured
in CM4, deriving from DFX + NAP-treated US7MG cells and
containing 2,622 pg/ml VEGF (Fig. 7A and B; "*P<0.001 vs.
CM3). The aforementioned data confirmed that NAP interferes
with the angiogenic process by reducing new vessel formation.

Since hypoxia-driven tumor progression is strictly linked
to an increased cell migration, a preliminary study was also
conducted to characterize ADNP effect on invasion poten-
tial of GBM cells cultured under hypoxia. As revealed in
Fig. S1, NAP treatment of DFX-exposed cells significantly
decreased the percentage of wound closure as compared with
DFX-treated group.

Discussion

Uncontrolled cell proliferation in GBM forms the hypoxic
area which promotes aberrant angiogenesis and cancer stem
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Table I. VEGF content in the CM deriving from US7MG cells. The VEGF levels were detected in supernatants and expressed in
pg/ml. Data resulting from three independent experiments are represented as the mean + SEM.

U87TMG cell line-derived CM1 (Control) CM2 (Control + NAP) CM3 (DFX) CM4 (DFX + NAP)
conditioned media Mean + SEM Mean + SEM Mean + SEM Mean + SEM
VEGF (pg/ml) 3,784+107 2,495+47* 6,427+108* 2,622+63°

"P<0.001 vs. Control and °P<0.001 vs. DFX, as determined by one-way ANOVA followed by Tukey's post-hoc test. VEGF, vascular endothelial
growth factor; CM, conditioned medium; DFX, deferoxamine.
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Figure 6. NAP modulates HIF-1a expression and localization and VEGF expression in U87MG cells cultured in DFX-induced hypoxia. (A) Representative
immunoblots of HIF-1a and VEGF expression in U87MG treated with vehicle (Control), 100 nM of NAP (Control + NAP), DFX or DFX plus NAP
(DFX + NAP) for 24 h. (B) The bar graphs show quantitative analysis of signals obtained by three independent experiments. In the bar graph, values
are expressed as the mean + SEM by setting the control group value to 1. (C) Photomicrographs demonstrate the immunofluorescence signal of HIF-1a
expression (red fluorescence) in US7MG cells treated with 100 nM of NAP either normoxia or DFX-induced hypoxia. Scale bar, 20 pm. “P<0.001 or
**P<0.001 vs. Control and *#P<0.001 vs. DFX, as determined by one-way ANOVA followed by Tukey's post-hoc test. HIF, hypoxia-inducible factor;
VEGF, vascular endothelial growth factor.

cell proliferation inside the tumor mass. Previous findings
have highlighted the anti-invasive role exerted by PACAP
in GBM (13,14,50,51). In addition to activation of its related
receptors, this peptide also acts indirectly through intracel-
lular stimulation of ADNP (23,30,31). The latter is implicated
in brain development during embryogenesis. It has also been
identified that its loss-of-function mutation is related to
carcinogenesis (52-54). Previously, its involvement in various
tumors has been demonstrated, even though its role remains
controversial depending on the type of cancer. It acts as a

tumor suppressor in triple-negative breast cancer (36), as
oncogene in ovarian and bladder cancer (37,38) as well as
onco-suppressor or oncogene in colorectal cancer (35). To
date, no findings are available regarding ADNP implication
in GBM. In particular, it was demonstrated in the present
study that it is overexpressed in most glial cells of human
GBM. This evidence is in consistency with previous studies
reporting an increased ADNP expression in tumors (38,39). Its
upregulation was associated with a poor prognosis in bladder
cancer, where it prompted tumor growth through activation of
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Figure 7. Effect of NAP on new vessel formation. (A) Microphotographs show tubes formed by H5V cells cultured in CM1, CM2, CM3 or CM4, respectively.
(B) In the bar graph, the number of tubes/fields is expressed as the mean + SEM. "P<0.05 or ““P<0.001 vs. CM1 (Control) and **P<0.001 vs. CM3 (deferox-
amine), as determined by one-way ANOVA followed by Tukey's post-hoc test. CM, conditioned medium.

AKT signaling and induced cisplatin resistance by promoting
cancer cell migration and EMT (38,55). Furthermore, it is
involved in the death resistance of malignant peripheral nerve
sheath tumor cells (34). Notably, higher ADNP immunoreac-
tivity was detected in the hypoxic area of the tumor mass by
suggesting a direct relation between its upregulation and the
hypoxic microenvironment. Specifically, the hypoxic niches
are generated in the tumor when increased cell proliferation
leads to growth of tissue mass, not supported by an adequate
oxygen supply. These areas present tissue necrosis and aberrant
neoangiogenesis sustained by activation of HIF-VEGF system.
To understand the biological impact of ADNP overexpression
in hypoxic niches of GBM, an in vitro study was performed by
using US7MG GBM cells showing a similar protein expression
pattern as compared with the human GBM sample. These cells
exposed to DFX, mimicking microenvironmental hypoxia,
overexpressed ADNP. This result could be attributed to their
tumorigenic potential considering that ADNP overexpression
was only revealed in this cell line whereas was undetectable
in A172 cells. These results could be attributed to the different
genotype of these cell lines. Consistently, US7TMG overexpress
nestin and vimentin, two markers of immature astroglia cells
and malignancy, whereas the A172 cells are less tumorigenic
since they do not express these markers (49).

To characterize the role of ADNP in the hypoxic niches
of the tumor, its smallest active element, NAP owing a
chemical structure allowing cell membrane penetration was
used (26,52,53). Its protective effects are widely reported in
literature, demonstrating its implication in numerous disor-
ders (56,57). By treating DFX-exposed cells with NAP, it was
demonstrated that ADNP interferes with tumor malignancy
by downregulating hypoxia-VEGF pathway. In a previous
study, it was demonstrated that cancer cells of hypoxic niches
release numerous factors in the extracellular microenviron-
ment such as VEGF that actively participates to aberrant
angiogenesis (58). This biological process involves migration
of endothelial cells toward the extracellular matrix, where they
cooperate to create a new lumen (58). In the present study, it
was demonstrated that cancer cells release VEGF in the extra-
cellular medium, which triggers neovascularization process as
revealed by increased formation of tube-like structures when
H5V endothelial cells were cultured in CM derived from

GBM cells exposed to DFX (CM3). CM derived from US7MG
cells treated with NAP contains a reduced amount of VEGF
which, in turn, it is related to a reduced formation of tube-like
structures.

The preliminary study conducted is in line with previous
evidence demonstrating that induction of ADNP expression in
colon cancer leads to the inhibition of tumor growth, which was
also correlated with prolonged survival of the animals (35). In
the aforementioned type of cancer, ADNP acted as a negative
regulator of WNT signaling, one of the main factors respon-
sible for colon tumor development. Moreover, the silencing of
ADNP increased cell proliferation and tumor progression in
xenografts in vivo. It is worth noting that patients with high
levels of ADNP survived during the follow-up period, while
moderate or negative ADNP expression was related to a high
frequency of cancer-related death. These data suggested that
ADNP could be considered an onco-suppressor in colon
cancer.

In a previous study, enhanced expression of PACAP and
PACIR was demonstrated in hypoxic areas of GBM (14).
Based on the present results, it cannot be excluded that the
aforementioned effects are mediated by PACAP binding to
its receptor PACIR which stimulates ADNP formation in the
hypoxic niches of GBM. At the light of this aspect, it is planned
to further characterize the role of PACAP-ADNP axis in GBM.

In conclusion, the present results suggested that ADNP
may act as a tumor suppressor in GBM, in particular, in the
hypoxic niches by interfering with the aberrant angiogenesis.
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