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Abstract. Osteosarcoma is the most prevalent primary bone
malignancy. Due to its high aggressiveness, novel treatment
strategies are urgently required to improve survival of patients
with osteosarcoma, especially those with advanced disease.
Desmopressin (ADAVP) is a widely used blood-saving agent
that has been repurposed as an adjuvant agent for cancer
management due to its antiangiogenic and antimetastatic prop-
erties. dDAVP acts as a selective agonist of the vasopressin
membrane receptor type 2 (AVPR2) present in the microvas-
cular endothelium and in some cancer cells, including breast,
lung, colorectal and neuroendocrine tumor cells. Despite the
fact that dDAVP has demonstrated its antitumor efficacy in
a wide variety of tumor types, exploration of its potential
anti-osteosarcoma activity has, to the best of our knowledge,
not yet been conducted. Therefore, the aim of the present study
was to evaluate the preclinical antitumor activity of dDAVP
in osteosarcoma. Human MG-63 and U-2 OS osteosarcoma
cell lines were used to assess in vitro and in vivo therapeutic
effects of dDAVP. At low micromolar concentrations, dDAVP
reduced AVPR2-expressing MG-63 cell growth in a concen-
tration-dependent manner. In contrast, dDAVP exhibited no
direct cytostatic effect on AVPR2-negative U-2 OS cells. As
it would be expected for canonical AVPR2-activation, dDAVP
raised intracellular cAMP levels in osteosarcoma cells, and
coincubation with phosphodiesterase-inhibitor rolipram
indicated synergistic antiproliferative activity. Cytostatic
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effects were associated with increased apoptosis, reduced
mitotic index and impairment of osteosarcoma cell chemo-
taxis, as evaluated by TUNEL-labeling, mitotic body count
in DAPI-stained cultures and Transwell migration assays.
Intravenous administration of dDAVP (12 ug/kg; three times
per week) to athymic mice bearing rapidly growing MG-63
xenografts, was indicated to be capable of reducing tumor
progression after a 4-week treatment. No major alterations
in animal weight, biochemical or hematological param-
eters were associated with dDAVP treatment, confirming
its good tolerability and safety. Finally, AVPR2 expression
was detected by immunohistochemistry in 66% of all evalu-
ated chemotherapy-naive human conventional osteosarcoma
biopsies. Taking these findings into account, repurposed agent
dDAVP may represent an interesting therapeutic tool for the
management of osteosarcoma. Further preclinical exploration
of dDAVP activity on orthotopic or metastatic osteosarcoma
models are required.

Introduction

Osteosarcoma is a high-grade bone malignancy and represents
the most common primary bone cancer in children and adoles-
cents (1). Osteosarcoma tumors are characterized by highly
proliferating and invasive spindle cells of mesenchymal origin,
with immature osteoid matrix deposition. The current stan-
dard management strategy for this disease involves surgical
resection of all clinically-detectable lesions and systemic
pre- and postoperative multidrug chemotherapy. Depending
on the clinical guidelines followed by each country or region,
these chemotherapeutic regimens usually combine high-dose
methotrexate with doxorubicin and cisplatin, or etoposide in
addition to ifosfamide (2,3). Despite incorporation of these
multimodality therapy approaches, 30-40% of osteosarcoma
patients still develop local recurrences or distant metastases,
becoming an exceptionally challenging disease with elevated
mortality rates (4). Alarmingly, while 5-year survival rates of
up to 70% are achieved in high-income countries, prognosis
in low- and middle-income countries (LMICs) is significantly
poorer, with reported survival rates as low as 45% (5). In a
context of economic inequalities and resource-constrained
health-care systems, these disparities are linked to limited
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access to adequate treatment and high rates of diagnostic
delays, leading to late stage cancer diagnosis and poor
survival (6,7). Considering that in the last few decades advances
in osteosarcoma management and survival rates have reached
a discouraging plateau, there is a critical need to identify novel
therapeutic tools for osteosarcoma.

Drug repurposing in oncology comprises the identifica-
tion and use of already-approved drugs with a non-oncology
primary use for cancer treatment (8). This strategy arises as
an attractive alternative to de novo drug development, offering
considerable advantages, such as an already proven safety
profile, which in consequence can facilitate clinical evalua-
tion, low production costs and widespread availability (9,10).
Following this rationale, during the past years our group has
explored and characterized the use of hemostatic drug desmo-
pressin (1-deamino-8-D-arginin vasopressin; dDAVP) as an
adjuvant agent in cancer treatment. dDAVP has been used
as a blood-saving agent for nearly 50 years in patients with
bleeding disorders or undergoing complex surgeries character-
ized by large blood loss (11). This compound is a 1st generation
synthetic analog of the vasopressin hormone (AVP) and acts
as a selective agonist for the vasopressin membrane receptor
type 2 (AVPR?2) expressed in microvascular endothelium (12)
and several transformed tissues, including breast (13-15),
prostate (16), lung (17) and colorectal cancer (18,19).
Agonistic stimulation of vascular AVPR2 is associated with
a cyclic adenosine monophosphate (cAMP)-mediated acute
release of several hemostatic factors into the bloodstream,
including factor VIII, tissue-type plasminogen activator and
von Willebrand factor (VWF). VWF is a multifaceted blood
glycoprotein involved in different biological processes such
as coagulation, vascular normalization, cancer cell apoptosis
and metastatic resistance (20-22). Preclinical studies by our
research group and others using breast, colorectal, and lung
cancer models reported that activation of tumor AVPR2 by
dDAVP triggers antiproliferative signaling mechanisms after
cAMP/cAMP-dependent protein kinase (PKA) axis activa-
tion, resulting in cell cycle arrest and decreased cell survival
and growth (14,16-18,23-25). Cytostatic activity showed to be
AVPR2-dependent as dDAVP effects on malignant cells were
completely reverted after AVPR2 phamacological blockade or
siRNA-mediated receptor depletion was performed (16,23,24).
dDAVP administration to animals bearing human or murine
carcinomas was also capable of reducing tumor vasculariza-
tion, and such angiostatic effects were associated to proteolytic
production of antiangiogenic protein angiostatin (ANG) (26).
Interestingly, several preclinical animal studies, as well as
veterinary trials, showed that administration of dDAVP at
clinically relevant doses has a profound antimetastatic activity,
impairing dissemination and progression of residual metastatic
cells and showing benefits in terms of distant recurrences after
tumor resection and overall survival (14,18,27-31). Taking into
account its potential anticancer properties as well as its validated
and safe hemostatic activity, a phase II dose-escalation trial was
conducted exploring dDAVP use as an adjuvant therapy during
breast cancer surgical excision (NCT01606072). A periopera-
tive treatment using two 1 pug/kg iv. doses was associated to
reduced intraoperative bleeding, increased plasmatic VWF and
a postsurgical drop of circulating tumor cells (15). In a second
phase I/II clinical trial, safety and symptom control were

assessed in rectal cancer patients with bleeding. As a result,
after 4 days of treatment initiation, complete hemostatic control
and reduction of tumor vascular perfusion were achieved in the
vast majority of patients (32). Despite dDAVP deployed inter-
esting and promising anticancer activity as a repurposed agent
in a variety of experimental and clinical settings, its potential
therapeutic benefits in osteosarcoma were never evaluated.

As previously mentioned, osteosarcoma is fatal for about
one-third of the patients worldwide and effective therapeutic
options are rather limited, especially for advanced or refrac-
tory disease. In order to improve patient's chances of survival
there is an urgent need for developing novel cost-effective
therapeutic strategies. In view of this scenario, our present
work sought to study the anticancer activity of repurposed
hemostatic drug dDAVP on human osteosarcoma experi-
mental models. Apart from exploring direct in vitro cytostatic
effects of the compound, our study aimed to explore AVPR2
target expression in osteosarcoma xenografts as well as human
tissue samples, and to evaluate the impact of sustained dDAVP
administration in osteosarcoma tumor progression.

Materials and methods

Drugs and compounds. dDAVP was obtained from
Romikin S.A. following GMP standards. Peptide purity was
98-99% as assessed by MS-HPLC. Peptide sequence: Mpr-Tyr-P
he-Gln-Asn-Cys-Pro-DArg-Gly-NH?2 (disulfide bridge between
Mpr-Cys). In order to achieve work concentrations, dDAVP was
diluted in phosphate buffered saline (PBS) as vehicle. PDE3/4
inhibitor rolipram (ROL) was purchased from Sigma-Aldrich;
Merck KGaA. Control groups were treated with PBS as vehicle.

Tumor cell lines and culture conditions. MG-63 (ATCC®
CRL-1427™Y) and U-20S (ATCC® HTB-96™) human osteo-
sarcoma cell lines were obtained from the American Type
Culture Collection. Human breast MCF-7 (ATCC® HTB-22™)
and MDA-MB-231 (ATCC® HTB-26™) or lung H-125 (ATCC®
CRL-5801™) cancer cell lines were used as controls for in vitro
or in vivo AVPR2 expression and were also acquired from the
American Type Culture Collection. Tumor cell lines were grown
in Dulbecco's modified Eagle's medium (DMEM, Thermo Fisher
Scientific Inc.) plus 10% fetal bovine serum (FBS, Natocor),
2 mM glutamine and 80 ug/ml gentamycin in monolayer
culture, at 37°C in a humidified atmosphere of 5% CO,. Cells
were harvested using a trypsin/EDTA solution (Thermo Fisher
Scientific Inc.) diluted in PBS and routinely tested for myco-
plasma.

In vitro studies

AVPR?2 expression analysis in osteosarcoma cells. Total RNA
of MG-63 and U-2 OS cells was purified from 1x10° cells
using the EasyPure® (TransGen) RNA kit following the
manufacturer's protocol. RNA was reverse-transcribed with
SuperScript 11 first-Strand Synthesis System (Thermo Fisher
Scientific Inc.). The following forward and reverse primers
were used: For AVPR2 5'-CTGGCCAAGGACACTTCATC-3'
and 5'-GAAGGCAGCTGAGCTTC-3', for hypoxanthine
phosphoribosyl transferase 1 (HPRT1), 5~ AACGTCTTGCTC
GAGATGTG-3' and 5-GCTTTGATGTAATCCAGCAGG-3".
Quantitative real time polymerase chain reaction (RT-qPCR)
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was performed using the SYBR Green PCR Master Mix
(Thermo Fisher Scientific Inc.) and StepOne Real-Time PCR
System (Applied Biosystems; Thermo Fisher Scientific Inc.).
Thermal cycling conditions were 48°C for 30 min, 95°C for
10 min, 40 cycles of 95°C for 15 sec followed by 60°C for
60 sec. Each sample was analysed in triplicate and mean cycle
threshold values (Ct) were used for further analysis. Ct values
were normalized for HPRT1 expression levels. The AVPR2
expression in MCF-7 cells (positive control) was considered
as ‘1’. Relative quantification values were calculated as 224,

Osteosarcoma cell growth and cytotoxicity studies.
Antiproliferative activity against rapidly growing tumor cells
was determined using 72-h cell growth assays and crystal
violet staining. 2.5x10°> MG-63 or U-2 OS cells in 200 ul
were plated in 96-well flat bottom plates in complete DMEM,
allowed to attach, and 24 h later treated with dDAVP (0.1, 1 or
10 uM) or PBS for 72 h. By the end of the experiment, cells
were briefly fixed with methanol, stained with 0.5% crystal
violet solution, washed and dried overnight. After addition of
ethanol/acetic acid 3:1 solution on crystal violet-dyed cultures,
absorbance was measured at 595 nm. The optical density of
PBS-treated control cells was taken as 100% of cell growth.
Lack of direct cytotoxicity of dDAVP (1 uM for 24 h) on
MG-63 semi-confluent monolayers was performed using the
trypan blue dye exclusion assay as previously described (16).

Apoptosis. Apoptotic cells were detected by terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL).
First, 1x10* MG-63 cells were plated on 24-well flat bottom
plates and allowed to attach overnight. After 24-h starvation,
cells were treated for 48 h with dDAVP (1 uM) in complete
medium. After incubation, cells were fixed in 4% parafor-
maldehyde (PFA) in PBS. DNA strand breaks were labeled
with digoxigenin-dUTP using DeadEnd™ Fluorometric
TUNEL System according to the manufacturer's protocol
(Promega Corp.). Slides were mounted with DAPI-containing
mounting medium Vectashield™ (Vector Laboratories Inc.)
and visualized using a Cytation-Gen5 Cell Imaging
Multi-Mode Reader (Biotek Instruments Inc.). A total of
10 images per experimental condition were acquired for
analysis. The percentage of apoptotic cells in MG-63 cultures
was calculated as (number of TUNEL-positive cells/total
cells) x100. Apoptosis in MG-63 cultures was confirmed using
cytotoxic agent cisplatin (10 #M) as a positive control.

Mitotic index of osteosarcoma cells in vitro. Osteosarcoma
cell cultures were analyzed for mitotic index calculation after
48-h treatment with dDAVP (1 uM), using the same starva-
tion, PFA-fixation and DAPI-staining protocol as in previously
described apoptosis assay. Ten images per experimental group
were used for quantification. Mitotic figures in all 4 basic stages
of mitosis (prophase, metaphase, anaphase and telophase)
were counted using a high-power field magnification (HPF) of
400-fold magnification (x400) and the percentage of mitotic cells
was obtained after quantification of total cell number per HPF.

Assessment of cAMP levels. Activation of canonical adenylate
cyclase/cAMP/PK A axis after dDAVP-mediated AVPR2 stim-
ulation was preliminary assessed by measuring intracellular
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cAMP levels in MG-63 cells. Semi-confluent osteosarcoma
cultures were exposed to dDAVP (1 uM) or PBS for 1 h and
cAMP was quantified using a competitive enzymatic immu-
noassay CAMP EIA Kit (Cayman Chemical Co.) following the
steps detailed by the supplier.

Osteosarcoma cell chemotaxis. Tumor cell migration was
assessed using the Transwell® migration assay. After overnight
starvation, 2.5x10* MG-63 cells were seeded into 8 ym pore
inserts in 24-well plates (JetBiofil) in serum-free growth medium.
The lower chamber was filled with DMEM containing 10% FBS,
which was used as a chemoattractant. After 24-h incubation
with dDAVP (0.1, 1 or 10 uM) cells in the upper surface of the
membranes were gently removed with cotton swabs. Cells that
migrated to the lower surface were fixed with PFA and stained
with 0.5% crystal violet. Migrated cells in five randomly
selected x400 HPF were counted and normalized to control.

In vivo osteosarcoma xenograft progression

Animals. Outbred athymic female N:NIH(S)-nu mice aged
8 weeks with a weight of approximately 20 g, were purchased
from the UNLP Animal Facility (National University of La
Plata, School of Veterinary Sciences, Buenos Aires, Argentina),
and housed at 5 mice per cage in our animal house facility
at the National University of Quilmes. Food and water were
provided ad libitum and general health status of the animals
was monitored daily.

Tumor progression. To generate human osteosarcoma xeno-
grafts, a 150 ul-suspension containing 5x10° MG-63 cells in
1:0.5 volume ratio mixture of DMEM and Matrigel® (Becton,
Dickinson and Company) was injected subcutaneously in
athymic mice. Tumors were measured periodically with a
calliper and tumor volume was calculated by the formula:
0.52 x width? x length. Animal weight and tumor growth rates
were also assessed along the protocol. Four days after cell
inoculation and once all tumors were detectable by palpation,
administration of dDAVP began, using a 12 ug/kg i.v. dose,
3 times per week during 4 weeks. Animal dosing was determined
by dose extrapolation using the ‘dose by factor’ method based on
allometric scaling, following the United States Food and Drug
Administration guidelines (33). A clinically validated dDAVP
dose of 1 pg/kg iv. was taken as the reference dose (15,30-32)
and multiplied by 12.3 for human to mice conversion (33). Mice
equivalent dose was rounded down from 12.3 to 12 ug/kg i.v.
to facilitate drug preparation and administration. When lesions
reached volumes >300 mm?, and signs of tumor necrosis and
skin infiltration were observed in the majority of tumors,
animals were euthanized by cervical dislocation. Tumors were
removed, weighted, fixed with 10% formalin and processed for
hematoxylin and eosin (H&E) or Masson trichrome staining in
order to explore tumor histology.

Hematological and blood biochemical analysis. On the
final day of the tumor progression protocol, after 1 h of
dDAVP administration and before euthanasia, animals were
anesthetized using intraperitoneal ketamine at 100 mg/kg in
combination with 10 mg/kgxylazine,and EDTA-anticoagulated
whole-blood samples from each of the experimental subjects
were collected for further hematological and biochemical
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Figure 1. dDAVP reduces AVPR2-expressing osteosarcoma cell growth. (A) Assessment of targeted receptor AVPR2-expression in human osteosarcoma MG-63
and U-2 OS cell lines by reverse transcription-quantitative PCR. Human breast MCF-7 and lung H-125 cancer cells were used as positive and negative expression
controls, respectively. (B) Inhibition of cell growth by dDAVP (0.1-10 M) on high-density AVPR2-positive MG-63 cell cultures. Cellular growth was assessed
on exponentially growing osteosarcoma cell cultures and measured by crystal violet staining after a 72 h-exposure to dDAVP. (C) Absence of cytostatic effect of
dDAVP (10 M) on AVPR2-negative U-2 OS cells. (D) Intracellular cAMP levels in MG-63 cells after 1-h incubation with dDAVP (1 uM). (E) Drug combination
studies using of PDE3/4 inhibitor rolipram (ROL; 1 and 10 #M) in addition to dDAVP. Data are presented as mean = SEM. “P<0.05, “P<0.01 and *“P<0.0001
vs. control or between different treatments as indicated by brackets. dDAVP, Desmopressin; AVPR2, vasopressin membrane receptor type 2.

analysis. Hematocrite, red and white blood cell and platelet
count, cholesterol, total protein, direct bilirubin, creatinine
and albumin levels, as well as aspartate aminotransferase and
alanine aminotransferase activity were assessed.

Immunohistochemical staining for AVPR2 in osteosarcoma
xenografts or human samples. MG-63 osteosarcoma tumor
samples were fixed in 10% formalin, embedded in paraffin, and
tissue sections of 4 ym were cut and placed on silane coated
slides for anti-AVPR?2 immunohistochemistry (IHC) staining.
Sections were microwaved for antigen retrieval in 0.01 M sodium
citrate buffer (pH 6.0) during 20 min, and later incubated with
3% hydrogen peroxide for 10 min to block endogenous peroxi-
dase. Immunostaining was performed using an anti-AVPR2
primary polyclonal rabbit antibody (V5514; 1:100 dilution,
Sigma-Aldrich; Merck KGaA) at room temperature for 1 h. For
visualizing immunoreactivity, a 15-min incubation using Super
Sensitive™ One-Step Polymer-HRP THC Detection System
(Bio-genex) was conducted. Finally, sections were counterstained
with hematoxylin. MCF-7 and MDA-MB-231 breast cancer
xenografts were generated in athymic nude mice by a subcuta-
neous injection of a 300 ul suspension containing 5x10° cancer
cells in a 1:1 volume ratio mixture of DMEM and Matrigel®,
as reported (25,34,35). After 45 days of tumor progression,
tumors were resected and processed as previously described,
and were used as positive controls for in vivo AVPR2 expression.
For expression analysis of targeted receptor in human tumor
samples, formalin-fixed paraffin-embedded chemotherapy-naive
conventional osteosarcoma biopsy specimens were processed for
[HC after diagnosis confirmation by the pathological anatomy
service from the Edgardo Rebagliati Martins National Hospital.
Additionally, histological characteristics of different osteosar-
coma subtypes were assessed using hematoxylin and eosin (plus
alcian blue) or Masson's trichrome (plus aniline blue) staining.

Statistical analysis. All statistical analyses were performed
using the PRISM 6 (GraphPad Software Inc.) or Compusyn
software (Combosyn Inc., New Jersey, United States).

To compare differences between 2 experimental groups,
two-tailed Mann Whitney or t-tests were used for non-para-
metric or normal distribution of data, respectively. In case
of more than 2 experimental groups, ANOVA analysis
with Tukey's multiple comparisons post-test was used.
Kruskal-Wallis analysis with Dunn's multiple comparisons
post-test was used in case of non-parametric distribution of
data. In drug combination studies synergy was determined
when combination index (CI) was <1. The number of mitotic
or apoptotic cells was expressed as percentage of positive
cells/total number of cells counted in each specific condition
(£95% confidence limits), and analysed by the ? test. In tumor
progression protocols, growth rates represent the slopes of the
linear regressions of the tumor volumes over time. Differences
were considered statistically significant at a level of P<0.05.
Data were presented as mean + standard deviation (SD) or
standard error of mean (SEM). Data were derived from at least
two or three independent experiments, unless stated otherwise.

Results

In vitro treatment with dDAVP inhibits tumor cell growth
in AVPR2-expressing osteosarcoma and is associated
with elevated cAMP levels. First, AVPR2 expression was
assessed in MG-63 and U-2 OS human osteosarcoma cells.
RT-qPCR analysis showed comparable AVPR2 expression
levels between MG-63 and MCF-7 cells (positive control). In
contrast, AVPR2 gene expression in U-2 OS was almost unde-
tectable (Fig. 1A). In accordance with these results, exposure
of MG-63 semiconfluent monolayers to dDAVP (0.1-10 gM),
but not of AVPR2-negative U-2 OS cultures, resulted in a
significant dose-dependent inhibitory effect over cell growth
(Fig. 1B and C). Given that direct antiproliferative activity of
dDAVP on tumor cells seems to be mediated by cAMP/PKA
signalling-related pathways (19,23), we assessed intracellular
cAMP levels in MG-63 cultures after dDAVP treatment. As
a result, a 54% increase in cAMP intracellular concentration
was observed after dDAVP treatment in osteosarcoma cells.
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Both in normal and malignant cells, elevated intracellular
cAMP levels are rapidly restored by efflux and/or decom-
position through different multidrug-resistance proteins and
phosphodiesterases, respectively. We, therefore, evaluated the
effect of phosphodiesterase inhibition using rolipram in combi-
nation with cAMP-elevating agent dDAVP. Osteosarcoma
cells were incubated with dDAVP (1 M) plus effective
(10 uM) or sub-optimal (1 #M) concentrations of rolipram,
obtaining synergistic growth inhibitory effects in both tested
drug combinations (Fig. 1E).

Cytostatic activity of dADAVP in osteosarcoma cells is associated
with mitosis inhibition, increased apoptosis and antimigratory
effects. In order to gain further insights into dDAVP anti-osteo-
sarcoma effects, we preliminarily explored compound's
capacity to modulate other key events in osteosarcoma tumor
biology such as mitosis, apoptosis and migration. As shown in
Fig. 2, a 48-h treatment with dDAVP reduced the percentage
of MG-63 cells undergoing mitosis by nearly 70% in contrast
to vehicle-treated cells. In equivalent experimental conditions,
dDAVP at 1 uM caused a 3.4-fold increase in the number of
osteosarcoma apoptotic cells, as evaluated by DNA fragmen-
tation labeling (Fig. 2A and B, respectively). Furthermore,
Transwell chemotaxis assays demonstrated a significant
decrease in the migratory capacity of osteosarcoma cells upon
overnight incubation with tested compound (Fig. 2C). Lack of
short-term cytotoxicity of dDAVP on osteosarcoma cells was
confirmed using the trypan blue dye exclusion assay (Fig. 2D).

Sustained dDAVP treatment impairs osteosarcoma xenograft
growth in athymic mice. In order to explore potential thera-
peutic activity on in vivo osteosarcoma growth, the effect of
dDAVP treatment was evaluated in MG-63 xenograft-bearing
athymic nude mice (Fig. 3). Sustained intravenous adminis-
tration of dDAVP (12 ug/kg) caused a significant decrease
in tumor volume over time (Fig. 3A), resulting in a tumor
growth rate inhibition of 34% in comparison to control group
(Fig. 3C). Impact of dDAVP treatment on final tumor burden
was confirmed after observing a 25% reduction in resected
tumor weight (Fig. 3D). Interestingly, despite observed
significant differences regarding disease progression between
groups, at the end of the protocol the majority of experimental
subjects displayed necrotic and ulcerated lesions with erratic
and jagged tumor growth patterns (Figs. 3B and S1A and B).
dDAVP treatment had no impact on the general health status
of treated animals as assessed by body weight (Fig. 3D), and
blood biochemical and hematological studies. As observed in
Table I, nearly all biochemical and hematological parameters
remain unaltered after 1 month of drug administration. In
consistency with the compound well characterized hemostatic
action, a significant 13% drop in the mean platelet count was
observed in animals receiving dDAVP.

AVPR?2 expression in osteosarcoma xenografts and human
biopsies. Histological assessment of rapidly growing MG-63
tumors revealed large necrotic foci with evident loose fibrous
and reticular connective tissue deposition (Fig. 4A and B),
and scattered areas of high cellularity showing typical
spindle/fibroblastoid cell morphology (Fig. 4C). Large necrotic
areas were found in all tumors, and could in part explain the
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Figure 2. Direct cytostatic effects of dDAVP on osteosarcoma cells are
associated to reduced mitosis, increased apoptosis and impaired tumor cell
chemotaxis. (A) Reduction of cellular mitotic index on MG-63 cell cultures
after a 48 h treatment with dDAVP (1 xM). Quantification of mitosis (left)
expressed as % of mitotic cells/total cells. Magnification, x400. Scale bar,
100 ym. Representative images (right) of cell cultures under DAPI nuclear
staining evidencing mitotic bodies. (B) Percentage (%) of TUNEL-positive
cells relative to total cell count after DAPI-stained nuclei quantification
(left). Representative images of MG-63 apoptotic cells after 48 h exposure
to dDAVP (1 uM) (right). Magnification, x400. Scale bar, 100 ym. Arrows
indicate mitotic bodies or TUNEL-positive apoptotic cells, respectively.
(C) dDAVP impact on MG-63 cell migration after a 16 h treatment as assessed
by Transwell migration assays. Representative images of migrated osteosar-
coma cells on the bottom of the inserts (bottom, left to right, control and
increasing concentrations of dADAVP). Magnification, x100. (D) 24 h viability
assay using semiconfluent MG-63 cell monolayers exposed to dDAVP. Data
presented as mean + SEM. “P<0.05, “P<0.01 and ""P<0.001 vs. control
group. Contingency x” test was used in (A) and (B). dDAVP, Desmopressin.

jagged growth patterns and irregular progression of tumors
observed in all experimental subjects. In vivo confirmation
of therapeutic target AVPR2 expression in MG-63 xenografts
was conducted using THC. Osteosarcoma tissue displayed a
diffuse membrane and cytoplasmatic distribution of AVPR2
throughout the tumor, with variable staining intensity
(Fig. 4D, E and F). Human MDA-MB-231 and MCF-7 breast
cancer xenografts were used as positive controls for AVPR2
expression (Fig. 4H and I) (13). It is worth noting that, in
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TableI.Biochemical and hematological parameters assessed in EDTA-anticoagulated whole-blood from MG-63 xenograft-bearing
athymic nude mice under dDAVP treatment.

Treatment group

Parameter Control (saline, mean = SD) dDAVP (1 ug kg!', mean = SD)
Weight (g)* 21.4+1.3 21.1x1.7
Hematocrit (%) 38.7x1.8 38.0£2.3
RBC (10° mlI™) 75.6+4.3 71.3£39
WBC (10° ml™) 29+1.0 3.0+0.2
Platelets (10° ml™") 10.9+0.8 9.5+0.5°
Cholesterol (mg dI) 81.2+13.5 86.8+13.2
Total protein (g dI'") 42404 43205
Direct bilirrubin (mg dI'") 0.02+0.01 0.01+£0.0
Creatinine (mg ml™) 0.13+£0.04 0.14+£0.04
AST/GOT (IU 1) 135.7£16.3 157.2+47.8
ALT (IU I'Y) 40.2+11.5 38.849.3
Plasmatic albumin (g dI'') 2.5+0.2 25+04

*At day 31 of osteosarcoma progression protocol. EDTA, ethylenediaminetetraacetic acid; dDAVP, Desmopressin; RBC, red blood cells; WBC,
white blood cells; AST/GOT, aspartate aminotransferase; ALT, alanine aminotransferase. "P<0.01.
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Figure 3. Sustained administration of dDAVP slows human osteosarcoma xenograft progression in vivo. (A) Tumor volume assessment over time. Animals
bearing s.c MG-63 xenografts received dDAVP (12 ug/kg i.v., three times a week) or PBS (control). Differences on post-engraftment days 4, 15, 24 and 31 are
shown. (B) Representative images of tumor-bearing animals from different experimental groups on day 27. Largest tumor diameter registered was 11.4 mm,
and corresponded to Control group (upper photograph). Scale bar, 1 cm. Tumor growth rates calculated between (C) days 4 and 31, and final tumor load
after xenograft resection at the (D) end of the protocol were also assessed. (E) Animal body weight was monitored three times per week. Data presented as
mean + SEM. n=5 or 6 per group. 'P<0.05, “P<0.01 and “*"P<0.0001. dDAVP, Desmopressin.

contrast to the membranous staining pattern observed in typi-
cally rounded and epithelial MCF-7 cells, AVPR2 expression
pattern in spindle-shaped MDA-MB-231 cells was much more
similar to that observed in MG-63 mesenchymal tumors.

AVPR2 presence was also evaluated in 6 chemotherapy-naive
human conventional osteosarcoma biopsies belonging to
different histological subtypes, as depicted in Fig. 5A-F. After
THC assessment, 66% (4/6) of osteosarcoma samples displayed
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Figure 4. Histopathological features and AVPR2 expression in MG-63 osteosarcoma xenografts. Representative images of tissue sections from rapidly growing
MG-63 tumors stained using Masson's trichrome staining with aniline blue at x40 and x100 magnification (A and B, respectively) or hematoxylin and eosin at
x400 magnification (C) AVPR2 presence in osteosarcoma tissue was detected using IHC on formalin-fixed paraffin-embedded MG-63 xenografts using primary
antibodies against human AVPR2, polymer/HRP-liked secondary antibody and hematoxylin counterstaining. (D-F) Representative microphotographs of osteosar-
coma xenografts after [HC staining. Magnification, x400. (G) Incubation with primary antibody was omitted. Huiman MDA-MB-231 (H) and MCF-7 (I) xenografts
were used as positive controls for AVPR2 expression. Magnification, x400. AVPR2, vasopressin membrane receptor type 2; IHC, immunohistochemistry.

Figure 5. Immunohistochemical detection of AVPR2 in human osteosarcoma samples. Histochemical assessment revealing predominant osteoid extra-cellular
matrix (A and B, x100 and x400 magnification, respectively), mixed osteoid/chondroid areas (C and D, x100 and x400 magnification, respectively) or predom-
inant chondroid matrix (E and F, x100 and x400 magnification, respectively) in different human conventional osteosarcoma samples; (A and B) Sample
#16-10997 with Masson's trichrome staining plus aniline blue, (C and D) samples #16-40077 and (E and F) #16-34538 stained with hematoxylin and eosin
plus alcian blue. (G-L) Representative microphotographs of human osteosarcoma samples after anti-AVPR2 immunohistochemistry detection. Human osteo-
sarcoma samples (G) #16-24375, (H) #16-10997, (1) #14-2289, (J) #16-17130, (K) #16-34538 and (L) #16-40077 are presented. Inset: Incubation with primary
antibody was omitted. All insets are x400 magnification. AVPR2, vasopressin membrane receptor type 2.
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immunoreactivity, showing mild (Fig. 5K; #16-34538),
moderate (Fig. 51 and L; #14-2289 and #16-40077) and
strong (Fig. 5J; #16-17130) staining intensities. Osteosarcoma
samples #16-24375 and #16-10997 (Fig. 5G and H) showed no
immunoreactivity against AVPR2.

Discussion

In the present study, we report for the first time the anti-osteo-
sarcoma activity of repurposed hemostatic drug dDAVP.
Using the AVPR2-expressing MG-63 model, we showed
that, in accordance with previously reported preclinical
studies (14,16-18,23-25), in vitro dDAVP treatment reduced
osteosarcoma cell growth and chemotaxis, and cytostatic
activity was related to increased cAMP intracellular levels
upon AVPR2 stimulation. Furthermore, inhibition of
cAMP-degrading phosphodiesterases by addition of rolipram
enhanced the antiproliferative effects of dDAVP in osteo-
sarcoma cells. Different anticancer properties of cAMP
elevating compounds, as well as cAMP synthetic derivatives,
have been reported in the past, postulating the adenylate
cyclase/cAMP/PKA signalling axis as a tumor suppressor
system (36-39). Moreover, PDE4, a key enzyme involved in
cAMP hydrolysis and degradation, is highly expressed in
human mandibular osteosarcoma, and its pharmacological
inhibition resulted in decreased cell survival, highlighting the
role of cAMP in osteosarcoma cell proliferation (40). With the
aim of gaining knowledge on AVPR2-related signaling path-
ways in osteosarcoma, and considering that cAMP is involved
in a myriad of biological processes implicated in malignant
cell growth regulation, further studies on both canonical and
non-canonical AVPR2/cAMP effectors such as PK A, exchange
proteins activated by cAMP 1 and 2 (Epacl and 2) and the
mitogen-activated protein kinase (MAPK) on osteosarcoma
cells are mandatory (41).

dDAVP antitumor activity was confirmed in vivo on human
osteosarcoma xenografts growing in immunocompromised
mice. Sustained intravenous administration of the compound
using clinically relevant equivalent doses reduced MG-63 tumor
growth without clear signs of toxicity, confirming its known
profile of good tolerability and safety (11). Although growth
inhibition by dDAVP in MG-63 cells was related to increased
apoptosis, impaired migration and mitotic arrest, other potential
and unexplored AVPR2-mediated mechanisms could be playing
arole in the in vivo anti-osteosarcoma activity of the compound.
It was previously reported that dDAVP is capable of blocking
tumor-associated angiogenesis by favoring the production
of angiostatin (ANG), an endogenous angiogenesis inhibitor
specifically produced by malignant tissue. ANG overproduc-
tion resulted from breast cancer cell-mediated proteolysis of
plasminogen as a result of AVPR2-mediated increased uroki-
nase and metalloproteinase activity (26,42). As a result, ANG
triggers apoptosis and reduces cell growth and chemotaxis in
both malignant and vascular cells (43,44). Taking into account
dDAVP antiangiogenic mechanisms in other tumor types as well
as the key role that angiogenesis has in osteosarcoma biology,
impact of dDAVP on pro- and antiangiogenic factor production
by osteosarcoma cells should be assessed in the future.

As mentioned in the introduction, 20% of osteosarcoma
patients present clinically detectable metastasis at diagnosis,

and nearly 90% of them have lung lesions as the sole site of
metastasis (5,7). Interestingly, dDAVP has also proven to be a
highly antimetastatic compound, being capable of impairing
both experimental and spontaneous metastatic colonization of
the lungs and drastically decreasing local and distant spread
after surgical manipulation of aggressive tumors (14,18,28,29).
Besides its direct cytostatic and angiostatic effects, which
depend on AVPR2 expression by tumor tissue, dDAVP anti-
metastatic activity was also associated to vascular release of
VWE, a complex glycoprotein capable of inducing apoptosis in
disseminated tumor cells (20-22). Given that metastatic osteo-
sarcoma management remains highly challenging, further
exploration of dDAVP effects on osteosarcoma dissemination
and distant organ colonization is both interesting and neces-
sary.

AVPR?2 expression was confirmed in experimental osteosar-
coma tumors as well as in two thirds of human osteosarcoma
biopsy specimens, as evaluated by IHC. All assessed biopsies
belong to untreated patients diagnosed with conventional
osteosarcoma of different histological subtypes. Although the
number of clinical samples was rather limited, AVPR2 expres-
sion in osteosarcoma tumors appeared to be higher than that
previously reported for breast carcinoma tumors (66 vs. 33%,
respectively) (15). As new osteosarcoma cases are currently
being incorporated, comparison of AVPR?2 expression between
primary and metastatic lesions or between pre- and post-chemo-
therapy, as well as correlation between AVPR2 expression and
disease progression will be assessed in future studies.

Regardless of the chosen chemotherapy regimen, resec-
tion of both primary and secondary osteosarcoma remains
critical for obtaining remission and improving patient survival.
Osteosarcoma removal using amputation or limb salvage
techniques involves complex and time-consuming surgical
procedures often associated to high-volume blood loss and
perioperative transfusion requirements. As observed in many
types of cancer, evidence suggest a strong link between peri-
surgical transfusion, immunosuppression and worse prognosis
in patients undergoing resection of osteosarcoma or other
bone sarcomas (45,46). Moreover, surgical manipulation of
the tumor could favor dissemination and growth of residual
cells by inducing local and systemic inflammatory responses,
increased production of proangiogenic factors and suppression
of antimetastatic immunity (47,48). As reviewed by Pantziarka
and Bouche, as a consequence of these multiple prorecurrence
mechanisms associated with tumor resection, osteosarcoma is
associated with alarmingly high recurrence rates in compar-
ison to other cancer types, showing distant recurrence rates
after curative intent surgery of nearly 50% (49). In this setting,
perioperative administration of dDAVP during osteosarcoma
removal could provide several therapeutic benefits. First,
compound reduces intraoperative bleeding after releasing
VWEF and other hemostatic factors from vascular endothelium,
reducing the need of perisurgical blood transfusion. On the
other hand, dDAVP could limit osteosarcoma recurrence after
surgery by impairing the survival and outgrowth of dissemi-
nated tumor cells (50,51). In order to evaluate if perioperative
dDAVP (administered immediately prior to surgery and during
the early postoperative period) could help to antagonize delete-
rious mechanisms triggered by surgery, drug should be tested
using experimental models of incomplete surgical resection of
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osteosarcoma tumors, especially in syngeneic and immuno-
competent animal models (52,53). Apart from evaluating time
to local recurrence or metastatic progression to lungs, modula-
tion of signaling pathways involved in cancer cell growth and
angiogenesis should also be assessed in the postsurgical and
premetastatic niches. Furthermore, given its low-associated
toxicity and low production costs, dDAVP could be used as a
safe and affordable perioperative therapy without increasing
the risk of surgical complications or perisurgical costs.

It is important to note that osteosarcomas are known to
promote a hypercoagulation state in certain patients. There
is some evidence indicating that human osteosarcoma cells
such as MG-63 can induce platelet aggregation activity by
interacting with platelet membrane glycoproteins Ib/IX and
IIb/IITa even in VWF-deficient plasma (54). However, the
evidence for high VWF levels induced by dDAVP as a risk
factor for venous thromboembolism is weak and periopera-
tive use of the compound appears safe. In this regard, dDAVP
administration also produces a rapid release of tissue-type
plasminogen activator, with consequent activation of fibrino-
lysis and shortening of euglobulin lysis time. dDAVP has few
hemostatic side effects but caution in small children and elderly
people is recommended, due to the risk of fluid retention and
hyponatremia (11).

Drug repurposing stands as an interesting approach in
oncology, not only for overwhelmed health-care systems
or developing countries with restrained economies, but also
for rare and aggressive diseases with limited therapeutic
alternatives (8-10). As observed in many diseases, prognosis
of osteosarcoma patients is significantly worse in LMICs,
mainly due to inadequate access to diagnostic and therapeutic
resources, including surgery and radio-chemotherapy (5-7).
In this setting, repurposing of blood-saving agent dDAVP
for osteosarcoma treatment is highly promising due to its
widely-characterized clinical use, potential antitumor activity,
low treatment-associated toxicity and production costs.
Compound could be administered as a co-adjuvant agent
concomitantly with chemotherapy or during complex osteo-
sarcoma removal procedures in a perioperative manner.
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