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Abstract 

Background  Endogenously released adenine and uracil nucleotides favour the osteogenic commitment of bone 
marrow-derived mesenchymal stromal cells (BM-MSCs) through the activation of ATP-sensitive P2X7 and UDP-
sensitive P2Y6 receptors. Yet, these nucleotides have their osteogenic potential compromised in post-menopausal 
(Pm) women due to overexpression of nucleotide metabolizing enzymes, namely NTPDase3. This prompted us to 
investigate whether NTPDase3 gene silencing or inhibition of its enzymatic activity could rehabilitate the osteogenic 
potential of Pm BM-MSCs.

Methods  MSCs were harvested from the bone marrow of Pm women (69 ± 2 years old) and younger female controls 
(22 ± 4 years old). The cells were allowed to grow for 35 days in an osteogenic-inducing medium in either the absence 
or the presence of NTPDase3 inhibitors (PSB 06126 and hN3-B3s antibody); pre-treatment with a lentiviral short hair‑
pin RNA (Lenti-shRNA) was used to silence the NTPDase3 gene expression. Immunofluorescence confocal microscopy 
was used to monitor protein cell densities. The osteogenic commitment of BM-MSCs was assessed by increases in the 
alkaline phosphatase (ALP) activity. The amount of the osteogenic transcription factor Osterix and the alizarin red-
stained bone nodule formation. ATP was measured with the luciferin-luciferase bioluminescence assay. The kinetics of 
the extracellular ATP (100 µM) and UDP (100 µM) catabolism was assessed by HPLC

Results  The extracellular catabolism of ATP and UDP was faster in BM-MSCs from Pm women compared to younger 
females. The immunoreactivity against NTPDase3 increased 5.6-fold in BM-MSCs from Pm women vs. younger females. 
Selective inhibition or transient NTPDase3 gene silencing increased the extracellular accumulation of adenine and 
uracil nucleotides in cultured Pm BM-MSCs. Downregulation of NTPDase3 expression or activity rehabilitated the 
osteogenic commitment of Pm BM-MSCs measured as increases in ALP activity, Osterix protein cellular content and 
bone nodule formation; blockage of P2X7 and P2Y6 purinoceptors prevented this effect.

Conclusions  Data suggest that NTPDase3 overexpression in BM-MSCs may be a clinical surrogate of the osteogenic 
differentiation impairment in Pm women. Thus, besides P2X7 and P2Y6 receptors activation, targeting NTPDase3 may 
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represent a novel therapeutic strategy to increase bone mass and reduce the osteoporotic risk of fractures in Pm 
women.

Keywords  Mesenchymal stem cells, Post-menopausal osteogenesis, Purinergic signalling, Ectonucleotidases

Introduction
Bone marrow-derived mesenchymal stem cells (BM-
MSCs) exhibit extensive proliferative ability in an 
uncommitted state, while retaining the great potential 
to differentiate into various cell lineages (e.g. osteoblasts, 
adipocytes and chondrocytes) [1–4]. BM-MSCs retain 
their proliferative potential throughout life, yet their abil-
ity to differentiate into bone-forming osteoblasts is com-
promised in post-menopausal (Pm) women [5, 6], leading 
to unbalanced bone resorption by osteoclasts.

Extracellular adenine and uracil nucleotides play 
important roles in the regulation of bone formation 
[7]. Nucleotides are constitutively released from BM-
MSCs and differentiated osteoblasts when submitted to 
mechanical load, low-intensity pulsed ultrasound, or in 
the presence of chemical stimulants, like 1,25(OH)2 vita-
min D3 and bisphosphonates [8–13], which may explain 
their relevance in bone remodelling. The extracellu-
lar nucleotide levels increase dramatically during bone 
injury, which is paramount to bone remodelling and frac-
ture healing [8, 14, 15]. Epidemiological, pharmacologi-
cal and molecular data suggest that the loss of function 
of the ATP-sensitive P2X7 receptor reduces bone mineral 
density and increases the risk of fractures in Pm women 
[5, 16, 17]. Besides ATP, also uracil nucleotides are 
important regulators of osteogenic differentiation of Pm 
BM-MSCs through the activation of UDP-sensitive P2Y6 
receptors [6]. Conflicting results, however, exist implicat-
ing the influence of pyrimidine-sensitive P2Y2 and P2Y4 
receptors in bone human formation [18–21].

The effects of endogenously released adenine and ura-
cil nucleotides by BM-MSCs are normally balanced by 
the activity of several plasma membrane-bound NTP-
Dases, which catalyse their extracellular breakdown 
and, thereby, determine whether osteoblast progenitors 
are driven into proliferation or differentiation. Previous 
findings from our group showed that BM-MSCs from 
Pm women exhibit deficits in the activation of P2X7 and 
P2Y6 receptors [5, 6], but this was not observed in cells 
obtained from younger females [5]. Membrane compart-
mentalization of ectoenzymes, nucleotide releasing sites 
and purinoceptors [22] emphasizes the value of gathering 
information concerning the kinetics of the extracellular 
catabolism of adenine and uracil nucleotides by NTP-
Dase subtypes, along with the subsequent delivery of 
their metabolites to specific P2 purinoceptors, to predict 
their relevance in bone remodelling.

Our working hypothesis is that age- (and/or 
pathophysiological)-related changes in the expression 
and activity of substrate-specific NTPDases might have a 
significant impact on Pm bone formation. Increasing evi-
dence demonstrates that targeting the activity of NTP-
Dases may be therapeutically valuable in blood clotting, 
vascular inflammation, immune reactions, and certain 
types of cancer [23]. Here, we tested whether changes 
in the expression and/or activity of NTPDase subtypes 
contribute to the osteogenic differentiation deficits of 
BM-MSCs obtained from Pm women compared to those 
isolated from younger females. Data show that NTP-
Dase3 overexpression emerges as a distinctive surrogate 
of osteogenic impairment of BM-MSCs in Pm women 
compared to other NTPDase subtypes. Thus, normaliza-
tion of NTPDase3 expression levels and/or inhibition of 
its activity may represent novel therapeutic approaches 
to promote osteogenesis and increase bone formation in 
Pm women.

Materials and methods
Reagents, lenti‑shRNAs and antibodies
ATP, quinacrine mustard dihydrochloride, 3,4-dihy-
droxy-9,10-dioxo-2-anthracenesulfonic acid sodium salt 
(Alizarin red S), 3-[4,5-dimethylthiazol-2-yl]-2,5-diphe-
nyl tetrasodium bromide (MTT), 4-nitrophenyl phos-
phate and UDP were obtained from Sigma-Aldrich (St. 
Louis, MO, USA). 3-[[5-(2,3-dichlorophenyl)-1H-tetra-
zol-1-yl]methyl]pyridine hydrochloride (A438079), 
N,N′′-1,4-butanediylbis[N′-(3-isothiocyanate phenyl) 
thiourea (MRS 2578) and 1-amino-4-(1-naphthyl)amino-
anthraquinone-2-sulfonic acid sodium salt (PSB 06126) 
were obtained from Tocris Cookson Inc. (Bristol, UK). 
All primary anti-human and secondary conjugated anti-
bodies used in this study have been previously validated 
[6, 24–26]. Anti-β-actin antibody (rabbit), anti-GAPDH 
(glyceraldehyde-3-phosphate dehydrogenase; mouse), 
anti-Osterix (rabbit), horseradish-peroxidase-conjugated 
secondary antibodies (anti-rabbit and anti-mouse) were 
obtained from Abcam (Cambridge, UK); anti-IgG2a 
(mouse) and anti-IgG2b (mouse) were purchased from 
BioLegend (San Diego, CA, USA); anti-human ecto-
NTPDases antibodies, CD73 antibody and pre-immune 
rabbit and guinea pig serums were developed by JP and 
JS at the Centre de Recherche en Rhumatologie et Immu-
nologie, University of Laval, Québec, QC, Canada (see 
http://​ecton​ucleo​tidas​es-​ab.​com for further details); 

http://ectonucleotidases-ab.com
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primary antibodies included: h5′NT-2LI5 (rabbit), hN1-
1CI5 (guinea pig), hN2-kw3I4 (rabbit), hN3-1CI4 (guinea 
pig), hN3-B3S (mouse) and hN8-C5S (mouse). Alexa 
Fluor 488-labelled anti-rabbit, Alexa Fluor 568-labelled 
anti-mouse and Alexa Fluor 649-labelled anti-guinea pig 
were supplied by Molecular Probes (Invitrogen, Carlsbad, 
CA, USA). TRITC 568-labelled anti-guinea pig was pur-
chased from Jackson ImmunoResearch (Newmarket, Suf-
folk, UK). pGFP-C-shLenti Vectors were supplied from 
ORIGENE (Rockville, MD, USA).

Cell culture conditions and phenotypic characterization 
of the cells
Human cancellous bone marrow samples were obtained 
(i) from the neck of the femur of thirty consecutive 
female patients (69 ± 2 years old, Pm group) undergoing 
total hip arthroplasty as a result of non-inflammatory 
degenerative osteoarthrosis, and (ii) from the iliac crest 
or sacrum of eight younger female patients (22 ± 4 years 
old, control group) requiring bone engraftment for spi-
nal fusion to correct scoliosis or fracture osteosynthe-
sis. For comparison purposes, cancellous bone marrow 
samples were also obtained from two men, one matching 
the age of the younger female group and the other pair-
ing with the Pm group. Handling of bone marrow sam-
ples and culture of adherent cells was performed until 
near confluence for 10–15 days, as previously described 
[5, 6]. To avoid the influence of in vitro cells senescence 
and phenotypic modifications, we used only the first 
subcultures made with 2.5 × 104 cells/mL density, which 
were maintained for 35 days in standard culture medium 
(α-minimal essential medium, α-MEM) plus 10% foetal 
bovine serum, 100 U/mL penicillin, 100 μg/mL strepto-
mycin and 2.5 μg/mL amphotericin B supplemented with 
50 μg/mL ascorbic acid, 10 mM β-glycerophosphate and 
10  nM dexamethasone to promote osteogenic differen-
tiation. Bone marrow cell cultures were carried out for 
35 days in either the absence (control) or the presence of 
the test drugs, which were added to the culture medium 
from day 1 onwards [3, 5, 6]. Drugs were renewed in the 
culture at each medium change, i.e. twice a week. No 
pooled samples obtained from different individuals were 
used for any of the protocols described in this study.

Phenotypic characterization of the cells (first subcul-
ture) was performed by flow cytometry [6]. These cells 
exhibited positive immunoreactivity against CD105 
(SH2), CD29 (integrin ß1) and CD117 (tyrosine-protein 
kinase Kit), which have been identified as surface mark-
ers of BM-MSCs [1, 2, 4, 27–30]. Conversely, the cells 
were negative for haematopoietic surface markers, like 
CD14 and CD45, which have been extensively used as 
a good argument to distinguish bone marrow haema-
topoietic cells from MSCs [4, 27]. Thus, first passage 

plastic-adherent human bone marrow cells obtained 
under the present experimental conditions are highly 
enriched in multipotent MSCs. See e.g. Ref [6].

NTPDase3 gene silencing using a lentivirus‑coupled shRNA
For NTPDase3 gene silencing, the first sub-cultures were 
treated with pGFP-C-shLenti Vectors (ORIGENE – code 
TL313202V) against NTPDase3; 4 specific sequences 
were used, namely: TL313202VA (CTC​TAC​ACA​CAC​
AGC​TTC​CAG​TGC​TATGG), TL313202VB (ATT​TCC​
TGG​AGA​AGA​ACC​TGT​GGC​ACATG), TL313202VC 
(CGC​TCT​TAC​TGC​TTC​TCA​GCC​AAC​TACAT) and 
TL313202VD (GCA​GGA​TTC​TAC​TAC​ACA​GCC​AGT​
GCTTT). A mismatch sequence was used as a negative 
control (scramble, TR30021V). Cells were incubated with 
the lenti-shRNAs for 24  h; to promote more extensive 
cell transduction, half the volume of the cells medium 
was used during the incubation period for all 4 specific 
and scrambled sequences, as well as for control cultures 
(no treatment) [31]. During validation experiments, we 
used increasing multiplicities of infection (MOI), namely 
1, 3 and 10 (see Additional file 1: Fig. S2); we found that 
sequence TL313202VD (MOI 3) was the most promis-
ing NTPDase3 gene silencing condition, given that (i) 
it was able to significantly decrease NTPDase3 protein 
levels; (ii) the scramble sequence was unable to change 
NTPDase3 protein levels (see Additional file 1: Fig. S2); 
(iii) no difference was found in the number of viable cells 
between scramble and shRNA treated cells (data not 
shown). After a 24 h incubation period, cell cultures were 
washed three times with phosphate-buffered saline (PBS, 
1x) and then maintained for 35 days in supplemented cell 
medium as indicated above [31].

Viability/proliferation and osteogenic differentiation 
of BM‑MSCs
Cell viability/proliferation was evaluated by the MTT 
assay [3, 5, 6]. Data from the MTT assay correlates posi-
tively with the results measuring cell proliferation from 
total DNA quantification per culture well [6]. Osteogenic 
differentiation of BM-MSCs was inferred as increases in 
alkaline phosphatase (ALP) activity and the expression of 
the osteogenic transcription factor Osterix. ALP activity 
was determined in cell lysates by colorimetric determi-
nation of p-nitrophenyl phosphate (PNP) hydrolysis, as 
previously described [3, 5, 6, 32]; obtained values were 
expressed in nmol of PNP per min normalized by the 
MTT value (nmol min−1 MTT−1) [5] and presented as 
percentage of controls (100%).

Total amounts of Osterix protein were determined by 
Western blot analysis at culture day 21 [5]. Equal protein 
amounts (25  µg) were loaded into sodium dodecyl sul-
phate–polyacrylamide gel electrophoresis (SDS-PAGE) 
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(10%) gels and transferred onto a polyvinylidene fluo-
ride membrane using a Mini-Protean Tetra Cell cou-
pled to a Mini-Trans-Blot module (Bio-Rad, Hercules, 
CA, USA). Blocked membranes were incubated with 
the anti-human primary antibody (1:200) anti-Osterix 
(rabbit); anti-β-Actin (1:1000, rabbit) or anti-GAPDH 
(1:200, mouse) were used for normalization purposes (i.e. 
Osterix/β-Actin and Osterix/GAPDH). The peroxidase 
detection system (1.25  mM luminol, 0.2  mM coumaric 
acid, 0.1 M Tris pH 8.5, 0.032% hydrogen peroxide) was 
used for visualization of the immunoreactivity, using the 
horseradish-peroxidase-conjugated secondary antibod-
ies (1:70000). Gels were analysed using a gel blot imaging 
system (ChemiDoc MP, Bio-Rad, Hercules, CA, USA).

At culture day 35, calcium deposition in mineral-
ized nodules was revealed by the Alizarin Red staining 
and photographed using an optic microscope (Olympus 
CKX41, Tokyo, Japan) equipped with a digital camera 
(Olympus SC30, Tokyo, Japan), running an image acqui-
sition software (Olympus Analysis GetIT 5.1, Tokyo, 
Japan) [5]; calibrated images were exported to Image J 
1.37c software (NIH, Bethesda, MD, USA) for quantifica-
tion of total bone-nodule areas. Results are expressed as 
percentages relative to controls (100%) [5, 33].

Immunofluorescence staining
Human BM-MSCs were allowed to grow in chamber 
slides for 7 or 21  days. Paraformaldehyde fixed cells 
were incubated in the dark for 2  h with the following 
primary antibodies: ecto-5′-nucleotidase 1:1000 (h5′NT-
2LI5, rabbit), NTPDase1 1:1000 (hN1-1CI5, guinea pig), 
NTPDase2 1:200 (hN2-Kw3I4, rabbit), NTPDase3 1:200 
(hN3-B3S, mouse; hN3-1CI4, guinea pig) and NTPDase8 
1:1000 (hN8-C5S, mouse). Alexa Fluor 488 1:1500 (anti-
rabbit), Alexa Fluor 568 1:1500 (anti-mouse), Alexa-
Fluor 649 1:1500 (anti-guinea pig) and TRITC 1:150 
(anti-guinea pig) were applied as secondary antibod-
ies for 1  h in the dark. Glass slides were mounted with 
VectaShield mounting medium and stored at 4  °C. 
Observations were made using a laser-scanning spectral 
confocal microscope (Olympus FV1000, Tokyo, Japan) 
built on an IX81SF-3 inverted motorized microscope 
with four laser lines controlled by an AOTF laser com-
biner. Both multi-argon laser and diode laser 405 lines, 
filtered by barrier filters Ion Coating for OLYMPUS 
UIS-2 optics, through a UPLSAPO40xOl / NA 0.5–1.0 
WD 0.12  mm objective lens (Olympus, Tokyo, Japan), 
were used to acquire images unless otherwise stated. The 
Fluoview FV1000 Advanced Software (4.0.3.4 version; 
Olympus, Tokyo, Japan) was used to analyse data and to 
control image acquisition parameters, which were set to 
one-way XY repeat scanning mode at 12.5 s/pixel speed 
with the pinhole set to 250  µm at an image resolution 

of 640 × 640 pixel (317.583 × 317.583  µm given that 1 
pixel = 0.497 µm). Acquired micrographs were stored in 
the Olympus Multi TIFF format (Tokyo, Japan) [3, 5, 6, 
34]. For comparison purposes, confocal microscope set-
tings and image acquisition parameters were kept unal-
tered throughout parallel documentation procedures. 
Negative controls were performed in the absence of the 
primary antibodies; replacement of primary antibod-
ies by pre-immune sera (rabbit, guinea-pig) or by cor-
responding IgG2a and IgG2b antibodies, was also made 
in certain conditions (see Additional file 2: Fig. S3). Five 
microscopic fields (area of approx. 93,000 µm2 each) were 
photographed per well. Standardization of XY image 
coordinates was as follows: the first image was taken 
at the centre of the well (X = 0; Y = 0) and the next four 
images were obtained sequentially from each corner 
of a hypothetical square enclosed in a circumference of 
0.275  cm radius. The obtained five independent images 
were exported to Image J 1.37c software (NIH, Bethesda, 
MD, USA) for quantification analysis. Regions of inter-
est (ROIs) outlining complete individual cells were done 
manually and the average intensity of the pixels inside 
each cell was calculated per micrograph. The background 
fluorescence estimated from outlined ROIs drawn with-
out transecting any cell was subtracted from all moni-
tored ROIs. The computed analysis of the five individual 
images was expressed as the average fluorescence inten-
sity (arbitrary units, a.u.) for each experimental condi-
tion. Shown in the figures is typical immunofluorescence 
images for each experimental condition, taken from a 
single representative microscopic field without juxtaposi-
tion. When necessary, software adjustments were applied 
to the entire image.

Kinetic experiments and HPLC analysis
The kinetics of the extracellular catabolism of ATP and 
UDP in human primary BM-MSC cultures was evalu-
ated, at 37ºC, on days 7 and 21 [3, 6]. After a 30-min 
equilibration period, the cells were incubated with gassed 
(95% O2 plus 5% CO2) Tyrode’s solution (137 mM NaCl, 
2.7  mM KCl, 1.8  mM CaCl2, 1  mM MgCl2, 0.4  mM 
NaH2PO4, 11.9  mM NaHCO3, and 11.2  mM glucose, 
pH 7.4) supplemented with 100  µM ATP or UDP (zero 
time). When testing the effect of NTPDase inhibitors, 
PSB 06126 (3  µM) or hN3-B3S (0.5  µg/ml), these drugs 
were added to the incubation solution 15  min before 
application of ATP and UDP. Samples (75  μl) were col-
lected from each well at different times up to 30 min for 
HPLC analysis (LaChrom Elite, Merck, Frankfurt, Ger-
many) of the variation of substrate disappearance and 
product formation; 20-µl injection volumes were used 
for the analysis. The concentrations of the substrates and 
their respective metabolites were plotted as a function of 
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time (progress curves, see e.g. Figure  4). The following 
parameters were analysed for each progress curve: half-
life time (t1/2) of the initial substrate, time of appearance 
of the different concentrations of the products, the con-
centration of the substrate or any product remaining at 
the end of the experiment, and the slope variation of ATP 
and UDP catabolism (rate of disappearance) obtained by 
linear regression between 0 and 15 min (linear region of 
the curve; Fig.  4). The enzymatic activity was normal-
ized to the number of viable cells given by the MTT assay 
(Fig. 2; cf [6].). The spontaneous degradation of ATP and 
UDP, at 37ºC, was negligible over a 30-min time in the 
absence of the cells. At the end of the experiments, the 
remaining incubation medium was collected and used to 
quantify the lactate dehydrogenase (LDH, EC 1.1.1.27) 
activity [35]. The negligible activity of LDH in the sam-
ples collected at the end of the experiments is an indica-
tion of the integrity of the cells during the experimental 
procedure.

Quinacrine‑stained intracellular ATP deposits 
and extracellular ATP bioluminescence
We used quinacrine fluorescence staining (ex: 476 nm / 
em: 500–540  nm) to visualize ATP intracellular stores. 
To this end, cells were allowed to grow for 7 days in an 
osteogenic-inducible medium. After removing the incu-
bation medium, the cells were washed three times with 
phosphate-buffered saline (PBS, 1x) and subsequently 
incubated for 1 h with quinacrine (30 µM), at 37 °C [25]. 
Images were acquired using an epifluorescence micro-
scope equipped with an XBO 75W Xenon arc lamp 
(Achroplan; Zeiss, Oberkochen, Germany). The light 
path included ET460/30 × excitation / ET520/40 m emis-
sion filters (Chroma Technology Corp, Bellows Falls, VT, 
USA) and a LUMPLFLN40XW/0.80NA/3.3WD water 
dipping objective lens (Olympus, Tokyo, Japan). A high-
resolution cooled CCD camera (CoolSnap HQ, Roper 
Scientific Photometrics, Tucson, AZ, USA) connected 
to a computer running a digital image acquisition soft-
ware (MetaFluor 6.3; Molecular Devices Inc., Sunnyvale, 
CA, USA) was used to record images in the TIFF format. 
The CCD exposure time was set to 100 ms, binning was 
adjusted to 2 and gain to 1.

Extracellular ATP was quantified using the luciferin-
luciferase ATP bioluminescence assay kit HS II (Roche 
Applied Science, Indianapolis, Indiana, USA) in a multi-
detection microplate reader (Synergy HT, BioTek Instru-
ments, Vermont, USA), as described elsewhere [25]. 
Briefly, cells were seeded onto 96-well microplates, at 
a density of 2.5 × 104 cells/mL, for 7  days (2–4 repli-
cas were performed per individual experiment). At the 
beginning of the experiment, cells were washed twice 
with Tyrode’s solution and allowed to equilibrate for 

30  min, at 37  °C. After equilibrium, cells were washed 
again and incubated with Tyrode’s solution in the 
absence or the presence of test drugs; 30  min later, the 
incubation fluid was removed and snap-frozen in liquid 
nitrogen. Before adding the luciferin-luciferase mixture, 
collected samples were defrosted until 25ºC according to 
the manufacturer’s instructions. Sample bioluminescence 
was compared to external high-purity ATP standards; 
these were prepared daily within the same concentration 
range; all samples were run in duplicate. The remaining 
incubation medium was used to quantify the LDH (EC 
1.1.1.27) activity [35], to evaluate cell integrity during the 
experimental period (see e.g. Ref. [25]). The LDH activ-
ity was negligible (< 0.1 mU/mL) in all measured samples 
indicating the integrity of the cells during the experimen-
tal period.

Presentation of data and statistical analysis
Data are expressed as mean ± S.E.M. from an n num-
ber of individuals. Due to restricted access to similar 
human samples and a limited pool of initial cell density, 
we were unable to perform all the indicated assays in all 
collected human samples. Therefore, immunoblot data 
are expressed as individual bars to show inter-individual 
variability and the lack of influence of the protein used 
for normalization purposes. Normality tests included 
D’Agostino & Pearson and Shapiro–Wilk, depending on 
sample size. According to normality test results, statisti-
cal analyses included parametric (one-way ANOVA with 
Sidak’s test for multiple comparisons or the two-tailed 
unpaired t-test for double comparisons) or nonparamet-
ric tests (the Wilcoxon signed rank test for comparing the 
median of a set of values against a hypothetical median), 
besides, with a confidence level of 0.05 (95% confidence 
interval). Values of P < 0.05 were considered to represent 
significant differences.

Results
Age‑related differences in the expression of NTPDases and 
ecto‑5′‑nucleotidase/CD73 in human BM‑MSCs undergoing 
osteogenic differentiation
Using the MTT assay and DNA quantification methods, 
we showed that cultured human BM-MSCs proliferate 
in osteogenic-inducing media until near confluence is 
reached at culture day 21–28. While BM-MSCs retain 
their proliferative potential throughout life, the cells 
originating from Pm women have decreased ability to 
differentiate into bone-forming osteoblasts compared 
to those from younger females [6]. Although usage of 
different collection bone sites among the two women 
groups may be a limitation, the observed changes can 
hardly be explained solely by this bioethical constraint 
because care was taken to strictly use cancellous bone 
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samples outside the subchondral bone region that 
would otherwise be influenced by the non-inflamma-
tory degenerative joint disease process affecting Pm 
women samples, but not those from younger females. 
Here, we questioned whether the lack of tonic activity 
of P2X7 and P2Y6 receptors and, thereby, the puriner-
gic-induced osteogenic commitment of Pm BM-MSC 
could be due to changes in the expression and activ-
ity of extracellular nucleotide metabolizing enzymes, 
namely NTPDases [6], compared to cells of younger 
females.

Pm BM-MSCs show immunoreactivity against NTP-
Dase1, -2, and -3 (Fig. 1A¸ see also [6]); while NTPDase1 
and NTPDase2 enzymes were more expressed at early 
culture stages (day 7), NTPDase3 becomes the most 
represented enzyme at culture day 21 (Fig.  1A and B). 
This scenario differs from that observed in osteogenic 
differentiating cells obtained from younger females, in 
which NTPDase1 and -2 protein amounts remain high 
throughout the culture period (7 = 21  days); the Pm/
young females ratio ranged from 0.53 to 0.72 concern-
ing NTPDase1 and -2 protein amounts at culture day 21, 
respectively (Fig. 1A and B). The most striking difference 
relates to the expression of NTPDase3. While NTPDase3 
protein amounts progressively increased with time in 
cells from Pm women (7 < 21  days), this enzyme almost 
disappeared from differentiated BM-MSCs of younger 
females (7 > 21  days); BM-MSCs from Pm women dis-
play 5.6-fold higher NTPDase3 amounts compared to the 
cells from younger females at culture day 21 (Fig. 1A and 
Biii). We confirmed this phenotypic divergence using two 
distinct NTPDase3 antibodies, including the previously 
available hN3-1CI4 polyclonal antibody [6] and a newer 
highly-specific hN3-B3S monoclonal antibody (Fig.  1A) 
which is also instrumental as an enzyme inhibitor [26]. 
The absence of NTPDase3 immunoreactivity in BM-
MSCs from age-matched males, while keeping a similar 
density pattern regarding other ectonucleotidases (see 
Additional file  3: Fig.  S1), suggests that overexpression 
of NTPDase3 may be a hallmark of osteogenic deficiency 
in Pm women. Figure 1 also shows that NTPDase8 is the 
least represented ectoenzyme of this series in BM-MSCs 

from both women groups, strengthening the idea that it 
might have a limited role in human osteogenesis.

Ecto-5′-nucleotidase/CD73 is expressed by more than 
95% of osteoprogenitor cells [36]. Even though we show 
that ecto-5′-nucleotidase/CD73 immunoreactivity is pre-
sent in BM-MSCs at all differentiation stages (Fig.  1A; 
see also Ref [6]), the density of this adenosine-forming 
enzyme is consistently reduced (by 30–60%) in the cells 
from Pm women compared to those obtained from 
younger females (Fig. 1Bv).

Age‑related variation in the global NTPDase activity 
of human BM‑MSCs undergoing osteogenic differentiation
Figure 2 illustrates the global NTPDase activity in osteo-
genic differentiating BM-MSC cultures from Pm women 
and younger females normalized by cells growth/viabil-
ity (MTT assay) using ATP (Fig. 2A) and UDP (Fig. 2B) 
as substrates (100 µM, for 30 min). Data show that BM-
MSCs from Pm women hydrolyze ATP (100  µM) 1.16 
and 2.63 times faster than cells from younger females 
considering culture days 7 and 21, respectively (Fig. 2A). 
The extracellular hydrolysis of UDP (100 µM) was slower 
in less differentiated cells (7-day cultures), but it exceeded 
the rate of ATP (100  µM) catabolism by Pm BM-MSC 
cultures at culture day 21 (Fig. 2B); at this time point, the 
total NTPDase activity was 3.64 times faster than that 
achieved in cells from younger females (Fig. 2B).

Inhibition of NTPDase3 activity increases the extracellular 
accumulation of ATP and UDP in osteogenic differentiating 
BM‑MSCs from Pm women
So far, we showed that NTPDase3 expression increases 
over time in cultured BM-MSCs obtained from Pm 
women (Fig. 1Biii), which correlates with faster kinetics 
of ATP and UDP breakdown in these cells compared to 
those originating from younger females (Fig.  2). Next, 
we questioned whether the age-related upsurge in the 
expression and/or activity of NTPDase3 contributes to 
impair the osteogenic commitment of Pm BM-MSCs 
owed to tonic P2X7 and P2Y6 purinoceptors activa-
tion by endogenously released ATP and UDP, respec-
tively. Figure  3A shows that the selective inhibition of 

(See figure on next page.)
Fig. 1  The pattern of NTPDases expression in human BM-MSCs. Panel A presents representative images of the immunocytochemical detection of 
NTPDase1, −2, −3, −8 and ecto-5′-nucleotidase (Ecto 5’NTase/CD73) in cultured BM-MSCs (first subculture) obtained from a young female and a 
Pm woman. Shown is the time-related immunoreactivity (green) detected by confocal microscopy in BM-MSCs allowed to grow for 7 and 21 days 
in an osteogenic-inducing medium. Blue dots represent nuclei stained with DAPI. Experiments were performed in parallel keeping unaltered 
the settings of the confocal microscope throughout the documentation procedure (see Materials and Methods). The scale bar is 50 µm. In panel 
B, shown are immunofluorescence intensity graphs computed from confocal microscopy images acquired as in panel A. Ordinates represent 
fluorescence intensity per cell (arbitrary units, a.u.) of enzymes immunoreactivity as a function of the number of days in culture (day 7 and 21). 
Regions of interest (ROIs, corresponding to individual BM-MSCs) were manually outlined and the average intensity of the pixels inside this area 
was calculated. Background fluorescence was estimated from outlined regions (with no cells) and subtracted from all monitored ROIs. A total of 
58–234 cells were analysed from three young females (21 ± 7 years old) and six Pm women (63 ± 4 years old). *P < 0.05, **P < 0.01, ***P < 0.001 and 
****P < 0.0001 (one-way ANOVA with Sidák’s multiple comparison test, single pooled variance) represent significant differences
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Fig. 1  (See legend on previous page.)
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NTPDase3 with two chemically distinct compounds, the 
anthraquinone derivative PSB 06126 (3 µM) [37] and the 
monoclonal antibody hN3-B3S (0.5  µg/ml) [26], signifi-
cantly increased ATP levels in the incubation medium of 
Pm BM-MSC cultures, but the same was not observed 
when cultured cells were obtained from younger females.

To rule out the possibility that loss of the puriner-
gic tone in cultured BM-MSCs from Pm women could 
be due to the depletion of ATP-containing intracellular 
reservoirs, we labelled the cells with quinacrine, a fluo-
rescent dye normally staining ATP-containing granules. 
Figure 3B shows that quinacrine fluorescence exists scat-
tered all over the cytoplasm of cultured Pm BM-MSCs 
in significant amounts, thus reproducing the staining 
pattern obtained by other groups in differentiated osteo-
blasts [15].

Selective inhibition of NTPDase3 with PSB 06126 
(3  µM) and hN3-B3S (0.5  µg/ml) decreased the extra-
cellular catabolism of ATP (100  µM; Fig.  4A) and UDP 
(100  µM; Fig.  4B) in osteogenic differentiating Pm BM-
MSC cultures. While PSB 06126 (3 µM) had only a minor 
increasing effect on the extracellular ATP (100 µM) half-
life, inhibition of NTPDase3 with the monoclonal anti-
body hN3-B3S (0.5  µg/ml) increased the half-life of this 

nucleotide by 1.75 times (Fig.  4A). ATP (100  μM) was 
sequentially metabolized into ADP, AMP, adenosine 
(ADO), inosine (INO) and hypoxanthine (HX); at the 
end of the 30-min incubation period, adenosine was the 
more represented ATP metabolite, but its levels signifi-
cantly decreased in the presence of NTPDase3 inhibitors 
(Fig. 4A). Overall, these findings, together with the negli-
gible accumulation of AMP, INO and HX in the cultures, 
are in keeping with the concept that human BM-MSCs 
usually exhibit high ecto-5′-nucleotidase/CD73 and low 
adenosine deaminase (ADA) activities, thus favouring the 
accumulation of adenosine as the main extracellular ATP 
metabolite (see e.g. Ref [3]).

Likewise, both PSB 06126 (3 µM) and hN3-B3S (0.5 µg/
ml) increased the extracellular half-life of UDP (100 µM) 
by 1.68 and 3.14 times, respectively (Fig. 4B). Comparing 
the slope variation of extracellular ATP and UDP disap-
pearance from culture media, data indicate that selective 
NTPDase3 inhibition was more effective towards inhi-
bition of extracellular UDP catabolism than that of ATP 
(Fig.  4A and B, right-hand-side panels). Accumulation 
of UMP was almost negligible throughout the enzymatic 
assay, which may be explained considering that these cells 
exhibit significant ecto-5′-nucleotidase/CD73 activity 

Fig. 2  The extracellular catabolism of ATP and UDP is faster in BM-MSCs from Pm women than in cells from younger females. Represented is the 
total NTPDase activity measured in BM-MSCs (first subculture) from young females and Pm women normalized by the number of viable cells given 
by the MTT assay when A ATP and B UDP were used as substrates. Cells were allowed to grow for 7 and 21 days in an osteogenic-inducing medium. 
Nucleotides (100 µM) were added to the culture medium at zero time. Samples (75 µl) were collected from each well 30 min after incubation with 
the nucleotides. Each collected sample was analysed by HPLC to measure the amounts of ATP or UDP remaining in the incubation fluid. Boxes and 
whiskers represent pooled data from three young females (19 ± 6 years old) and twelve Pm women (69 ± 3 years old); each individual was tested in 
triplicate. *P < 0.05 and **P < 0.01 (one-way ANOVA with Sidák’s multiple comparison test, single pooled variance) represent significant differences
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converting very rapidly adenine/uracil monophosphates 
into their nucleoside metabolites, either adenosine 
(Fig. 4A) or uridine (Fig. 4B).

Inhibition of NTPDase3 activity fosters osteogenic 
differentiation and matrix mineralization of cultured 
BM‑MSCs from Pm women
Selective inhibition of NTPDase3 with the monoclonal 
antibody hN3-B3S (0.5 µg/ml; Fig. 5D), but not with the 
anthraquinone derivative PSB 06126 (3  µM; Fig.  5A), 
increased the ALP activity of osteogenic differentiating 
Pm BM-MSCs by 237 ± 63% and 329 ± 129% above con-
trol levels at culture days 7 and 21, respectively. None 
of these compounds changed (P > 0.05) cells growth/
viability predicted by the MTT assay obtained in the 
presence of PSB 06126 (3 µM; 0.22 ± 0.02 vs. control of 
0.23 ± 0.02 at culture day 7, and 0.56 ± 0.07 vs. control 
of 0.63 ± 0.08 at culture day 21) or of hN3-B3S (0.5 µg/
ml; 0.33 ± 0.06 vs control of 0.34 ± 0.06 at culture day 7, 
and 0.63 ± 0.09 vs control of 0.62 ± 0.09 at culture day 
21). Notwithstanding this disparity, both PSB 06126 
(3 µM) and hN3-B3S (0.5 µg/ml), significantly (P < 0.05) 

increased matrix mineralization on Pm BM-MSC cul-
ture day 35 by 243 ± 35% (Fig.  5B) and 842 ± 282% 
(Fig.  5E) above control values, respectively; typical 
Alizarin Red histoenzymatic culture staining is shown 
in panels C and F of Fig. 5, respectively.

Activation of P2X7 and P2Y6 purinoceptors are most 
likely implicated in the promotor effects of PSB 06126 
(3  µM) and hN3-B3S (0.5  µg/ml) on matrix minerali-
zation of Pm BM-MSC cultures [5, 6, 38], considering 
that these effects were prevented by A438079 (3  µM; 
Fig. 5B and C) and by MRS 2578 (100 nM; Fig. 5E and 
F), which selectively antagonize P2X7 and P2Y6 recep-
tors, respectively. On their own, these two purinocep-
tor antagonists did not change the total mineralized 
area of the cultures. These findings indicate that endog-
enously produced adenine and uracil nucleotides by Pm 
BM-MSCs might not reach high enough concentrations 
required to activate P2X7 and P2Y6 receptors unless 
the NTPDase3 activity is inhibited to recapitulate the 
lack of expression/activity of this enzyme (see Fig.  1 
and 2) and the mineralization potential of BM-MSCs 
from younger females [5, 6].

Fig. 3  Selective inhibition of NTPDase3 with PSB 06126 (3 µM) or the monoclonal antibody hN3-B3S (0.5 µg/ml) increases the extracellular 
ATP accumulation in Pm BM-MSCs cultures, but not in those obtained from younger females, when cells were allowed to grow for 7 days in an 
osteogenic-inducing medium (first subculture). In panel A, ordinates are the difference between endogenously released ATP during 30 min by 
cells of the same individual incubated in the presence and the absence of NTPDase3 inhibitors (Drug-Ctr, respectively); zero represents the identity 
between ATP values obtained in the absence and the presence of the inhibitors (horizontal dashed line). The ATP content of the samples was 
measured using the luciferin-luciferase bioluminescence assay (75 µl/well; see Materials and Methods for details). Boxes and whiskers represent 
pooled data from three younger females (21 ± 7 years old; ATP release in Ctr: 90 ± 20 fmol/well) and six Pm women (68 ± 5 years old; ATP release 
in Ctr: 180 ± 40 fmol/well); two to four replicates were performed per individual. ***P < 0.001 and ****P < 0.0001 (Wilcoxon signed rank test 
for comparing medians with a hypothetical null variation) represent significant differences. Panel B shows that BM-MSCs from a Pm woman 
undergoing osteogenic differentiation exhibit high amounts of ATP inside intracellular granules stained with quinacrine. The scale bar is 50 µm
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Transient NTPDase3 gene silencing using a short hairpin 
RNA rescues the osteogenic differentiation potential 
of cultured BM‑MSCs from Pm women
To avoid the negative impact on osteogenic differen-
tiation and matrix mineralization of NTPDase3 overex-
pression in BM-MSCs from Pm women, we infected the 

cells with a series of lentiviruses carrying information to 
short hairpin RNAs (shRNAs) designed to silence NTP-
Dase3 gene expression. The most effective sequence 
(TL313202VD from ORIGENE) was selected among 
four blocking sequences tested together with a scram-
ble sequence (negative control) unable to associate with 

Fig. 4  Selective inhibition of NTPDase3 attenuates the extracellular catabolism of A ATP and B UDP in BM-MSCs from Pm women allowed growing 
for 21 days in an osteogenic-inducing medium. ATP (100 μM) or UDP (100 μM) were added to the culture medium at time zero either in the absence 
(left-hand-side panels) or in the presence of PSB 06126 (3 µM; middle panels) or hN3-B3S (0.5 µg/mL; right-hand-side panels). 75-μl samples were 
collected at the indicated times for HPLC analysis to quantify the substrates ATP or UDP (white bars) and their metabolites, namely ADP (black), AMP 
(grey), adenosine (ADO, red), inosine (INO, orange), hypoxanthine (HX, green) or UMP (grey) and uridine (red). The calculated half-life time (t1/2) for 
each initial substrate is shown for comparison; aP < 0.05 and bP < 0.01 (two-tailed unpaired t-test) represent significant differences. Right-hand-side 
box and whiskers graphs represent the effect of PSB 06126 (3 µM) and hN3-B3S (0.5 µg/mL), assessed by comparing the slope variation of ATP or 
UDP disappearance in the presence of NTPDase3 inhibitors or under control conditions (with no added drugs); zero represents identity between 
obtained values in the absence and the presence of the inhibitors. Box and whiskers represent pooled data from eight to twelve Pm women 
(69 ± 3 years old); cells from each individual were tested in triplicate. bP < 0.01 and cP < 0.001 (one-way ANOVA with Sidák’s multiple comparison test, 
single pooled variance) represent significant differences
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the target mRNA (see Materials and Methods; valida-
tion experiments are shown in Additional file 1: Fig. S2). 
Treatment of Pm BM-MSC cultures with the lenti-
shRNA encoding to the TL313202VD sequence at a 
multiplicity of infection 3 (MOI 3) transiently decreased 
(P < 0.05) the NTPDase3 immunoreactivity of the cells 
at culture day 7 (23 ± 1 a.u.) compared to the situation 
where the scramble sequence was used (51 ± 2 a.u.); full 
recovery of NTPDase3 protein amounts was observed at 
culture day 21 (Fig. 6A).

Even though NTPDase3 gene silencing transiently 
decreased protein production for only a week under 
these experimental conditions, it had an outstanding 
effect to promote osteogenic commitment (increase in 
ALP activity at culture days 7 and 21; Fig. 6Bi) and matrix 
mineralization (Alizarin Red bone nodules increased by 
297 ± 32% at day 35; Fig. 6Bii and 6Biii) of cultured BM-
MSCs from Pm women, without significantly modifying 
cells growth/viability (MTT assay; data not shown).

Inhibition of NTPDase3 expression/activity rehabilitates 
age‑dependent deficits of the osteogenic transcription 
factor, Osterix, in cultured Pm BM‑MSCs
Osterix is a zinc finger-containing transcription factor 
that is essential for osteoblast differentiation and bone 
formation [39]. Osterix deficiency has been associated 
with age-related osteoporosis (reviewed in [40]). The 
immunoblots depicted in Fig. 7A show that 21-day BM-
MSC cultures from two younger females express higher 
amounts of Osterix normalized by the housekeeping pro-
tein β-actin than the cells from Pm women grown under 
similar experimental conditions (Fig. 7B).

Pharmacological inhibition of NTPDase3 enzymatic 
activity of Pm BM-MSCs with PSB 06126 (3  µM) reca-
pitulates the Osterix/β-actin ratio to levels observed 
in younger females (Fig.  7B). A similar effect was also 
observed using a different protein normalizer, GAPDH, 
in cells from a distinct Pm woman (Fig. 7B).

Similarly, NTPDase3 gene silencing in Pm BM-MSCs 
using lenti-shRNAs encoding to TL313202VC (Seq 
C; MOI 3; Fig.  7C) and TL313202VD (Seq D; MOI 3; 
Fig.  7D) sequences also increased the relative amount 
of the Osterix transcription factor independently of the 
normalizer protein used, β-actin or GAPDH. Uncropped 
full-length gel blots may be found in Additional file  4: 
Fig.  S4. Altogether, these findings suggest that curbing 
the expression and/or activity of the nucleotide metabo-
lizing enzyme, NTPDase3, may recapitulate the osteo-
genic potential of Pm BM-MSCs to the levels observed in 
younger females.

Discussion
Previous accounts from our group suggest that the oste-
ogenic differentiation potential of BM-MSCs is com-
promised in Pm women compared to that of younger 
females [5, 6]; this situation may be in part attributed to 
impairment of the P2X7 and P2Y6 purinoceptors tonic 
activation by released adenine and uracil nucleotides, 
such as ATP and UDP, respectively [5, 6]; for a review, 
see e.g. Ref [7]. Here, we provide new evidence that the 
purinergic signalling deficiency in Pm women is caused 
by outstanding hydrolysis of extracellular nucleotides due 
to NTPDase3 overexpression, which turns out to be the 
dominant ectonucleotidase subtype at this age and gen-
der group. This contrasts with the minute amounts of the 
NTPDase3 enzyme found in osteogenic differentiating 
BM-MSCs of younger females and age-matched males. 
More importantly, our data show for the first time that 
transient NTPDase3 gene silencing with a lenti-shRNA 
and/or inhibition of its enzymatic activity with the anth-
raquinone derivative PSB 06126 [37] or the monoclonal 
antibody hN3-B3S [26] rescues the P2X7 and P2Y6 recep-
tors-induced osteogenic commitment of Pm BM-MSC. 
Consequently, this results in extensive matrix miner-
alization of Pm BM-MSC cultures to the levels found in 
younger females. These findings lead us to propose that 
inhibition of NTPDase3 expression and/or activity may 

(See figure on next page.)
Fig. 5  Selective inhibition of NTPDase3 activity with the pharmacological inhibitor, PSB 06126 (3 µM; panels A–C), or with the monoclonal 
antibody, hN3-B3S (0.5 µg/ml; panels D–F), facilitates osteogenic differentiation and mineralization of cultured BM-MSCs from Pm women via the 
activation of P2X7 and/or P2Y6 receptors. Each inhibitor was added to osteogenic-inducing media at culture day 0 and remained throughout the 
assay, i.e. until day 35. Panels A and D show the per cent variation of the ALP activity of Pm BM-MSC cultures on days 7 and 21 corrected for cells 
growth/viability (MTT assay) determined in the presence of NTPDase3 inhibitors versus the control situation with no added drugs (100%; 9.6 ± 2.6 
and 18.3 ± 4.0 nmol/min/MTT at days 7 and 21, respectively). Panels B and E show the per cent variation of the total mineralized area of Pm BM-MSC 
at culture day 35 in the presence of NTPDase3 inhibitors compared to the control situation with no added drugs (100%; 10,079.2 ± 4210.5 µm2). 
§P < 0.05 (Wilcoxon signed rank test for comparing medians with a hypothetical null variation, 100%) represent significant differences. Involvement 
of P2X7 and P2Y6 purinoceptors activation in extracellular matrix mineralization was confirmed using selective antagonists, A438079 (3 µM) and 
MRS 2578 (100 nM), respectively, which were added to culture media synchronously to NTPDase3 inhibitors. Panels C and F show Alizarin Red 
staining indicating extracellular matrix mineralization and bone nodule formation of BM-MSC cultures (red-brownish spots) in two Pm women; the 
scale bar is 100 µm. Boxes and whiskers represent pooled data from four to six Pm women (70 ± 3 years old); three to eight replicas were made per 
individual experiment. *P < 0.05 and **P < 0.01 (one-way ANOVA with Sidák’s multiple comparison test, single pooled variance) represent significant 
differences
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Fig. 5  (See legend on previous page.)
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be a novel therapeutic strategy to rehabilitate the osteo-
genic potential of senescent BM-MSCs that is required to 
increase bone formation in Pm women.

Human osteoprogenitor MSCs and osteoblast-like cells 
constitutively release ATP without cell damage; the esti-
mated intracellular ATP levels are between 2 and 5 mM 
[11, 14, 41–43], most of which can be easily identified 
in vesicular/granular organelles stained with fluorescent 
dyes, like quinacrine [15]. Here, we found that quina-
crine-stained ATP-containing granules were scattered 
abundantly in the cytoplasm of Pm BM-MSCs, meaning 
that loss of intracellular ATP reservoirs does not seem to 
account significantly for age-dependent purinergic sig-
nalling deficits and, thus, the shortage of the osteogenic 
commitment of Pm BM-MSCs.

Like ATP, the ability of various cell types (e.g. murine 
airway epithelial cells, human cardiomyocytes) to release 
UTP has been directly confirmed; using a laborious enzy-
matic assay, the release of UTP is estimated to be approx-
imately 10 to 30% of all detected nucleotides including its 
breakdown products, like UDP [44, 45]. Likewise, UDP-
sugars, like the P2Y14 receptor activator UDP-glucose, 
may be released from cells together with ATP under cer-
tain experimental conditions [44, 46, 47]. UDP itself is an 
end product of glycogen synthesis that may be released 
into the extracellular fluid [48, 49]. Yet, the extracellu-
lar accumulation of uracil nucleotides, such as UTP and 
UDP, does not necessarily depend on their outflow from 
intracellular pools via dedicated transport systems; these 
nucleotides may accumulate in the extracellular fluid as a 
consequence of the metabolism (hydrolysis or synthesis) 
of nucleotide precursors that are directly released by cells 
under various physiological and pathological conditions 
[50–54].

There are two main mechanisms underlying the non-
lytic release of nucleotides from cells: (a) exocytotic 
release, specifically concentrated within secretory gran-
ules or vesicles, and (b) controlled release of cytosolic 
nucleotides via intrinsic plasma membrane channels 

or pores, which includes ABC transporters, connexin 
hemichannels, voltage-dependent anion channels and 
the P2X7 receptor channel itself [11, 15, 55]; reviewed 
in [56]. Increasing evidence demonstrates that all stimuli 
that foster bone formation and accelerated fracture heal-
ing (e.g. mechanical loading, low-intensity pulsed ultra-
sound, 1,25(OH)2 vitamin D3, biphosphonates) favour 
ATP release from osteoblast-like cells [8–13], which lev-
els depend on the differentiation status of the cells [15]; 
using rat osteoblasts, these authors demonstrated that 
mature bone-forming cells release up to sevenfold more 
ATP than highly-proliferative immature cells. In this 
study, we failed to demonstrate any tonic activity of the 
P2X7 receptor in Pm BM-MSCs using its selective antag-
onist, A438079, which was applied in a concentration 
(3  µM) that almost prevented the ALP activity in cells 
from younger females grown under similar experimental 
conditions [5], and the same occurred regarding the P2Y6 
receptor [6].

Considering that no differences were observed in the 
expression of osteogenic-inducing P2X7 and P2Y6 recep-
tors between young and aged women groups [5, 6], we 
hypothesized that deficient activity of these two recep-
tors may exist because their endogenous ligands (ATP 
and UDP, respectively) cannot reach high enough levels 
in cells from Pm women unless NTPDases (namely NTP-
Dase3) expression and/or activity are inhibited. NTP-
Dase3 is overexpressed in Pm BM-MSCs compared to the 
cells originating from younger females and age-matched 
males, thus contributing to accelerating the breakdown 
of ATP and UDP released in the proximity of ionotropic 
P2X7 and metabotropic P2Y6 receptors. Moreover, we 
proved that (i) endogenously released ATP accumulates 
in culture media when Pm BM-MSCs were incubated 
with the two selective NTPDase3 inhibitors, PSB 06126 
and hN3-B3S, and that (ii) the kinetics of the extracellular 
ATP and UDP catabolism was delayed in the presence of 
either of these two NTPDase3 inhibitors. Moreover, tran-
sient NTPDase3 gene silencing with the lenti–shRNA 

Fig. 6  NTPDase3 gene silencing using lenti-shRNA promotes mineralization of Pm BM-MSC cultures allowed to grow for 35 days in an 
osteogenic-inducing medium. Cells were exposed for 24 h to a lenti-shRNA encoding to a sequence (TL313202VD) designed to silence NTPDase3 
or to a scramble sequence applied at multiplicities of infection 3 (MOI 3). Confocal microscopy images shown in panel A confirm that NTPDase3 
immunoreactivity transiently decreases 7-days after exposure of Pm BM-MSC cultures to a lenti-shRNA encoding to the TL313202VD sequence, 
but not when the cells were treated with the scramble sequence. Blue dots represent nuclei stained with DAPI. Experiments were performed in 
parallel keeping unaltered the settings of the confocal microscope throughout the documentation procedure (see Materials and Methods). The 
scale bar is 50 µm. Panel Bi shows the per cent variation of the ALP activity of Pm BM-MSC cultures on days 7 and 21 corrected for cells growth/
viability (MTT assay) obtained after treatment with the lenti-shRNA encoding to TL313202VD or the scramble sequence (MOI 3) (100%; 0.6 ± 0.1 
and 7.1 ± 3.7 nmol/min/MTT at days 7 and 21, respectively). Panel Bii shows the per cent variation of the total mineralized area of Pm BM-MSCs 
at culture day 35 after treatment with the lenti-shRNA encoding to TL313202VD or the scramble sequence (MOI 3) (100%; 13,714.1 ± 3657.6 
µm2). Panel Biii shows the Alizarin Red staining denoting extracellular matrix mineralization and bone nodule formation of BM-MSC cultures 
(red-brownish spots) in a Pm woman; the scale bar is 50 µm. Boxes and whiskers represent pooled data from four Pm women (69 ± 7 years old); 
three to four replicas were made per individual. In panel Bi, *P < 0.05 (one-way ANOVA with Sidák’s multiple comparison test, single pooled variance) 
represents significant differences; in panel Bii, ***P < 0.01 (two-tailed unpaired t-test) represent significant differences

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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encoding for the TL313202VD sequence and enzyme 
inhibition with PSB 06126, both rescued the expression 
of the osteogenic transcription factor Osterix, the ALP 
activity and matrix mineralization of Pm BM-MSC cul-
tures grown in osteogenic-inducing media to the levels 
observed in cells from younger females. Osterix is known 
to trigger BM-MSCs differentiation into mature osteo-
blasts leading to the subsequent production of extracel-
lular matrix proteins involved in mineralization, namely 
bone sialoprotein, osteocalcin and osteopontin, making it 
an ideal primary marker of the osteogenic commitment 
of these cells (see e.g. Ref [39]).

Species and cell maturation differences in the expres-
sion and activity of certain nucleotide metabolizing 
enzymes, like NTPDases, [6] may at least partially explain 
divergent findings in the literature regarding the involve-
ment of P2 purinoceptors in osteogenesis (reviewed in 
[7]). The age-dependent extent of the extracellular catab-
olism of most commonly used P2X7 receptor agonists, 
like BzATP, may also account for these differences if one 
does not take into account the expression and activity of 
NTPDases [5]. Likewise, the preferential P2Y6 receptor 
activation vis a vis other pyrimidine-sensitive P2 recep-
tor subtypes may be explained because distinctively from 
ATP catabolism that can either yield ADP or AMP, all 
membrane-bound NTPDases dephosphorylate UTP 
with a transient formation of the diphosphate metabo-
lite, UDP [57]. One cannot however discount the fact that 
P2Y2 and P2Y4 receptors recognizing both ATP and UTP 
have also been localized in human bone-forming cells 
[18, 20]. However, controversy still exists regarding the 
fact that these receptors have been involved in the inhi-
bition of bone mineralization, particularly when nucleo-
tides were used in low concentrations [19, 21].

In contrast to data obtained regarding the kinetics of 
ATP catabolism, which mostly depends on the number 
of viable cells at a given cell maturation stage (Fig. 2A), 
normalization of BM-MSCs’ ability to hydrolyze UDP 
per viable cell (MTT assay) showed that the net enzy-
matic activity of Pm BM-MSCs, but not those from 
younger females, substantially increases as cultures pro-
gress from day 7 to 21 (Fig.  2B). Since the number of 
viable cells did not increase proportionally in the same 

period, the results suggest that mature BM-MSCs from 
Pm women exhibit higher NTPDase activity implicated 
in the extracellular inactivation of UDP. The dominant 
presence of NTPDase3 in differentiated Pm BM-MSCs 
and its low expression in cells from younger females may 
give a good explanation for the discrepancy between the 
two age groups concerning the ability to hydrolyze UDP 
(and ATP) with a direct impact on the osteogenic com-
mitment of the cells.

BM-MSCs from Pm women and younger females 
express relatively high amounts of NTPDase1 and 2 (see 
Ref. [6]). NTPDase1 (nucleotide diphosphohydrolase 
or apyrase) is expected to terminate the actions of both 
ATP and UDP on P2X7 and P2Y6 receptors, respec-
tively, by their conversion directly into inactive nucleo-
tide monophosphate derivatives (AMP and UMP). 
Conversely, the presence of NTPDase2 (a preferential 
nucleotide triphosphatase) may promote the accumu-
lation of nucleotide diphosphates, like UDP, and subse-
quent P2Y6 receptors activation [6]. The virtual absence 
of NTPDase8 from BM-MSC membranes of both women 
groups suggests that this enzyme does not play a role in 
the catabolism of extracellular adenine and uracil nucleo-
tides and, thus, in the osteogenic commitment of these 
cells.

The decreased osteogenic ability of BM-MSCs from 
Pm women as a consequence of the presence of high 
NTPDase amounts converting ATP into AMP could be 
partially compensated if subsequent dephosphoryla-
tion of AMP into adenosine by ecto-5′-nucleotidase/
CD73 is endorsed to allow activation of osteogenic-
inducing P1 receptors [3]. Regrettably, the density of 
this adenosine-forming enzyme is diminished in BM-
MSCs from Pm women compared to that found in the 
cells of younger females. These findings comply with 
those obtained in animals with osteoporotic bone loss 
[58] also considering that ecto-5′-nucleotidase/CD73 is 
expressed in more than 95% of the cells exhibiting oste-
ogenic capability [36]. Among the adenosine-sensitive 
P1 receptors, the most abundant A2B receptor subtype 
has been implicated in the differentiation of BM-MSCs 
from Pm women, which action is normally balanced 
through the activation of coexisting A1 or A2A receptors 

(See figure on next page.)
Fig. 7  Inhibition or silencing of NTPDase3 increases the amount of osteogenic transcription factor Osterix in 21-day BM-MSC cultures (first 
subculture) obtained from Pm women to the levels found in younger females. In panel A, shown are typical immunoblots stained for Osterix 
(52–61 kDa) transcription factor in BM-MSCs from two young (Y1 and 2) and three Pm (Pm1, 2 and 3) women cultured in an osteogenic-inducing 
medium (i) in the absence or the presence of the NTPDase3 inhibitor, PSB 06126 (3 µM), or (ii) after NTPDase3 gene silencing with lenti-shRNAs 
encoding for TL313202VD (Seq D; MOI 3) and TL313202VC (Seq C; MOI 3) inhibitory vs. control scramble sequences; either β-Actin (46 kDa) or 
GAPDH (39 kDa) protein amounts were used as house-keeping gene product standards for normalization purposes. Uncropped full-length gel 
blots can be found in Additional file 4: Fig. S4. Panel B shows the relative expression of Osterix in BM-MSCs from young females and Pm women 
submitted or not to NTPDase inhibition with PSB 06126 (3 µM) or to gene silencing with lenti-shRNAs encoding for TL313202VD (Seq D; MOI 3) and 
TL313202VC (Seq C; MOI 3). Each bar corresponds to the results from a single patient, thus reflecting some inter-individual variability
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Fig. 7  (See legend on previous page.)
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setting whether osteoprogenitor cells are driven into 
proliferation or differentiation [3]. Despite that adeno-
sine formation was detected as a consequence of the 
extracellular ATP hydrolysis in mature Pm BM-MSCs 
cultured in the presence of NTPDase3 inhibitors, PSB 
06126 and hN3-B3S (see Fig. 4), rescuing of matrix min-
eralization under such conditions was fully prevented 
by selective blockage of P2X7 and P2Y6 receptors, 
ruling out the putative contribution of P1 adenosine 
receptors in this context.

Interestingly, the monoclonal antibody, hN3-B3S, 
proved to be more potent than the pharmacological 
NTPDase3 inhibitor, PSB 06126, resulting in powerful 
increases in P2X7 and P2Y6 receptor-operated osteo-
genic differentiation and matrix mineralization of Pm 
BM-MSC cultures. Anthraquinone derivatives, such as 
PSB 06126, inhibit NTPDase isoenzymes via multiple 
mechanisms depending on the chemical nature of sub-
stituent groups, NTPDase enzyme subtypes and animal 
species [37, 59]. Inhibition of NTPDases by monoclonal 
antibodies seems to be more consistent and does not 
vary with the concentration of substrates. This suggests 
that enzyme inhibition by monoclonal antibodies does 
not depend on the steric hindrance of the substrate 
for the active site, but may be due to the restriction of 
enzyme lobe movements or deformation of the active 
site [26]. Moreover, monoclonal antibodies may have 
additional benefits, including fewer off-target adverse 
effects, lesser drug-drug interactions, higher specific-
ity, and potentially increased efficacy through targeted 
therapy [60].

However, it is surprising that albeit NTPDase3 gene 
silencing with the lenti–shRNA was curtailed 7  days 
after infection of the cells, this procedure was suffi-
cient to increase Osterix transcription, ALP activity 
and matrix mineralization of Pm BM-MSCs to levels 
comparable to those found in younger females. The 
exact trigger and the timing associated with age-related 
expression of NTPDase3 in Pm BM-MSCs remains 
uncertain. Data provided in Additional file  3: Fig. S1 
show that NTPDase3 immunoreactivity is virtually 
absent in cultured BM-MSCs from a man requiring 
bone engraftment due to traumatic fracture, as well as 
from an older male undergoing total hip replacement 
due to degenerative osteoarthrosis, besides the lack of 
NTPDase3 in differentiating cells from young females. 
One may speculate about the relevance of oestrogen 
deficiency as a trigger concerning bone loss linked to 
NTPDase3 overexpression and P2 purinoceptors acti-
vation impairment in Pm women, an aspect worth 
investigating in a near future. Other putative mecha-
nisms involved in the up-regulation of ectonucleotidase 
enzymes, like those comprising the hypoxia-inducible 

factor-1α [61–66] and microRNAs [67–69], are also 
worth pursuing in this context.

Conclusion
Data show that deficits in the osteogenic differentiation 
commitment of BM-MSCs may be due to overexpression 
of the NTPDase3 enzyme leading to excessive extracel-
lular adenine and uracil nucleotides breakdown in bone 
niches of Pm women. We provide here compelling evi-
dence that the osteogenic potential of these cells can be 
rehabilitated by NTPDase3 gene silencing (with a lenti-
shRNA) or by inhibiting its enzymatic activity with small 
molecules, like the anthraquinone PSB 06126, or with 
highly-specific monoclonal antibodies, like hN3-B3S. The 
aforementioned gaps in our knowledge do not invalidate 
the putative clinical impact of our findings concern-
ing the therapeutic benefit of NTPDase3 gene silencing 
and/or enzymatic inhibition to increase bone formation 
in Pm women, as well as in other situations where bone 
destruction exceeds bone formation (e.g. osteoporosis, 
rheumatoid arthritis, osteogenesis imperfecta, fracture 
mal-union). The literature is relatively scarce concern-
ing NTPDase3 expression and function in other tissues. 
NTPDase3 is relatively abundant in pancreatic β-cells 
where it may function as a regulator of glucose-induced 
insulin secretion [70, 71]. It was also found in hypocre-
tin-1/orexin-A positive axon terminals of hypothalamic 
regions controlling feeding, circadian rhythm and repro-
duction behaviour [72, 73]. Obesity, metabolic syndrome 
and osteoporosis are major global health problems with 
increasing prevalence. The interactions between these 
conditions turn out to be more complex than previously 
anticipated, opening new opportunities for a central role 
of mechanisms involving the purinergic cascade in all 
these pathological conditions. Finally, the marked dif-
ferences found between young vs. Pm women (and age-
matched males) may suggest NTPDase3 overexpression 
being considered a novel clinical surrogate for the identi-
fication of osteogenic differentiation impairment of BM-
MSCs among Pm women with high osteoporotic fracture 
risk. Whether this feature also applies to MSCs originat-
ing from other sources easier to deal with in clinical set-
tings, requires further investigations.
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Additional file 1. Fig. S2 Efficacy of NTPDase3 gene silencing in 7-day 
BM-MSC cultures (first subculture) from a Pm woman undergoing osteo‑
genic differentiation infected with several lenti-shRNAs encoding for four 
inhibitory and one scramble (negative control) sequences at increasing 
multiplicities of infection (MOI: 1, 3, 10). Left-hand-side micrographs show 
positive NTPDase3 immunostaining (red) in non-treated cells and the 
corresponding negative control (where no primary antibody was added). 
The positive transduction marker GFP (green) is detectable in some of 
the cells; blue dots represent nuclei stained with DAPI. All experiments 
were performed in parallel keeping unaltered the settings of the confocal 
microscope throughout the procedure (see Materials and Methods). The 
scale bar is 50 µm

Additional file 2. Fig. S3 Negative controls of immunofluorescence 
staining using human BM-MSC cultures allowed growing for 7 days in 
an osteogenic-inducing medium (first subculture). Panel A, shown is 
the immunofluorescence staining detected in cells incubated with the 
secondary antibodies, but where primary antibodies were omitted. Data 
in panel B show that no immunoreactivity was obtained when primary 
antibodies were substituted by the corresponding IgG antibodies or by 
pre-immune sera followed by respective secondary antibodies (anti-
mouse, anti-rabbit or anti-guinea pig). Blue dots represent nuclei stained 
with DAPI contained in the VectaShield mounting medium. The scale bar 
is 50 µm. gp, guinea pig; m, mouse; rb, rabbit

Additional file 3. Fig. S1 Immunocytochemical detection of NTPDase1, -2, 
-3, -8 and ecto-5’-nucleotidase (Ecto 5’-NT) in cultured BM-MSCs (first sub‑
culture) from young (Y) and older (O) males, which were allowed to grow 
for 7 and 21 days in an osteogenic-inducing medium. Blue dots represent 
nuclei stained with DAPI. These experiments were performed in parallel to 
those using women’s samples shown in Figure 1 while keeping unaltered 
the settings of the confocal microscope throughout the experimental 
procedure (see Materials and Methods). The scale bar is 50 µm

Additional file 4. Fig. S4 Uncropped full-length Western-blot gels 
depicted in Figure 7A (WB1-5). Shown are typical immunoblots stained for 
Osterix (~60 kDa) transcription factor in BM-MSCs from two young (Y1 and 
2) and three Pm (Pm1, 2 and 3) women cultured in an osteogenic-induc‑
ing medium (i) in the absence or the presence of the NTPDase3 inhibitor, 
PSB 06126 (3 µM), or (ii) after NTPDase3 gene silencing with lenti-shRNAs 
encoding for TL313202VD (Seq D; MOI 3) and TL313202VC (Seq C; MOI 
3) inhibitory vs. control scramble sequences; either β-Actin (46 kDa) or 
GAPDH (39 kDa) protein amounts were used as house-keeping gene 
product standards for normalization purposes. Dashed boxes indicate 
where blots were cropped for comparison purposes.

Acknowledgements
The authors acknowledge Isabel Silva, Cátia Vieira, Isabel Calejo and Elsa Meire‑
les for their collaboration in some experiments. We also thank Mrs Helena 
Oliveira and Belmira Silva for their technical assistance. All acknowledged 
individuals were contacted and agreed to be mentioned in this section.

Author contributions
PCS and JBNM made substantial contributions to the conception and design 
of the work. JBNM, RPC, CBA and MAC performed, analysed and interpreted 
data from cell culture assays, bioluminescence assays and lentivirus shRNA 
experiments. JBNM, RPC, CBA and MTMC performed, analysed and interpreted 
data from HPLC kinetic assays. FF, JBNM, RPC and CBA performed, analysed 
and interpreted data from Western-blot analyses and immunofluorescence 
confocal microscopy studies. JM, RF, RL, AV and AO carried out clinical advice, 
patient screening and harvested surgical human bone marrow samples; they 
also made critical inputs on data interpretation concerning the translational 
impact of in vitro findings. JP and JS designed and provided the highly specific 
ectonucleotidase antibodies used in this work; in addition, they made critical 
contributions to immunoblot/immunofluorescence data acquisition, analysis 
and interpretation. All authors have drafted the manuscript and/or its revisions 
and approved the final version of the work. All authors have agreed to be 
personally accountable for the author’s contributions and to ensure that ques‑
tions related to the accuracy or integrity of any part of the work, even ones in 
which the author was not personally involved, are appropriately investigated, 
resolved, and the resolution documented in the literature.

Funding
This research was partially supported by Fundação para a Ciência e a 
Tecnologia (UID/BIM/04308/2016, UID/BIM/04308/2019, UIDB/04308/2020, 
UIDP/04308/2020, PTDC/MED-FAR/29398/2017 and EXPL/MED-
FAR/1065/2021) and FEDER (POCI-01-0145-FEDER-029398) and by University 
of Porto / Caixa Geral de Depósitos (Investigação Científica na Pré-Graduação) 
projects. JS received support from the Canadian Institutes of Health Research 
(CIHR; MOP-102472) and he was also a recipient of a senior Scholarship 
from the Fonds de Recherche du Québec-Santé (FRQS). RPC and CBA are 
in receipt of PhD fellowships by FCT (SFRH/BD/135942/2018 and SFRH/
BD/144613/2019, respectively). The funders had no role in study design, data 
collection and analysis, the decision to publish, or the preparation of the 
manuscript.

Availability of data and materials
The data that support the findings of this study are available from the cor‑
responding author upon reasonable request.

Declarations

Ethics approval and consent to participate
Informed consent to use the biological material that would be otherwise 
discarded was obtained. All procedures were approved within the scope of 
the project “BONE-PURI(NO)AGEING—Regeneration of aged human bone 
through purinome activation in mesenchymal stem cells—preclinical studies” 
by the Ethics Committees of Centro Hospitalar de Vila Nova de Gaia—Espinho 
(registration nº 137/2018–2, endorsed on January 10, 2019) and of the Gabi‑
nete Coordenador de Investigação / DEFI—Centro Hospitalar Universitário do 
Porto (CHUP—University Hospital, registration nº 2021–002(001-DEFI-001-CE), 
endorsed on September 01, 2021). The investigation conforms to the princi‑
ples outlined in the Declaration of Helsinki.

Consent for publication
Not applicable.

Competing interest
The authors have declared that no conflict of interest exists.

Author details
1 Laboratório de Farmacologia e Neurobiologia, Instituto de Ciências Biomédi‑
cas de Abel Salazar (ICBAS) – Universidade do Porto (UP), R. Jorge Viterbo Fer‑
reira, 228, 4050‑313 Porto, Portugal. 2 Center for Drug Discovery and Innovative 
Medicines (MedInUP), Porto, Portugal. 3 Departamento de Química, Instituto 

https://doi.org/10.1186/s13287-023-03315-6
https://doi.org/10.1186/s13287-023-03315-6


Page 19 of 20Noronha‑Matos et al. Stem Cell Research & Therapy           (2023) 14:97 	

de Ciências Biomédicas Abel Salazar - Universidade Do Porto (ICBAS-UP), 
4050‑313 Porto, Portugal. 4 Serviço de Ortopedia e Traumatologia, Centro 
Hospitalar de Gaia - Espinho, 4434‑502 Vila Nova de Gaia, Portugal. 5 Serviço de 
Ortopedia, Centro Hospitalar Universitário de Santo António, 4099‑001 Porto, 
Portugal. 6 Centre de Recherche en Rhumatologie et Immunologie, University 
Laval, 2325, rue de l’Université Québec, Québec G1V 0A6, Canada. 

Received: 18 August 2022   Accepted: 29 March 2023

References
	1.	 Bobis S, Jarocha D, Majka M. Mesenchymal stem cells: characteristics and 

clinical applications. Folia Histochem Cytobiol. 2006;44:215–30.
	2.	 Conget PA, Minguell JJ. Phenotypical and functional properties of human 

bone marrow mesenchymal progenitor cells. J Cell Physiol. 1999;181:67–73. 
https://​doi.​org/​10.​1002/​(SICI)​1097-​4652(199910)​181:1%​3c67::​AID-​JCP7%​
3e3.0.​CO;2-C.

	3.	 Costa MA, Barbosa A, Neto E, et al. On the role of subtype selective 
adenosine receptor agonists during proliferation and osteogenic dif‑
ferentiation of human primary bone marrow stromal cells. J Cell Physiol. 
2011;226:1353–66. https://​doi.​org/​10.​1002/​jcp.​22458.

	4.	 Pittenger MF, Mackay AM, Beck SC, et al. Multilineage potential of adult 
human mesenchymal stem cells. Science. 1999;284:143–7. https://​doi.​org/​
10.​1126/​scien​ce.​284.​5411.​143.

	5.	 Noronha-Matos JB, Coimbra J, Sá ESA, et al. P2X7-induced zeiosis promotes 
osteogenic differentiation and mineralization of postmenopausal bone 
marrow-derived mesenchymal stem cells. FASEB J. 2014;28:5208–22. 
https://​doi.​org/​10.​1096/​fj.​14-​257923.

	6.	 Noronha-Matos JB, Costa MA, Magalhães-Cardoso MT, et al. Role of ecto-
NTPDases on UDP-sensitive P2Y(6) receptor activation during osteogenic 
differentiation of primary bone marrow stromal cells from postmenopausal 
women. J Cell Physiol. 2012;227:2694–709. https://​doi.​org/​10.​1002/​jcp.​
23014.

	7.	 Noronha-Matos JB, Correia-de-Sá P. Mesenchymal stem cells ageing: target‑
ing the “purinome” to promote osteogenic differentiation and bone repair. 
J Cell Physiol. 2016;231:1852–61. https://​doi.​org/​10.​1002/​jcp.​25303.

	8.	 Alvarenga EC, Rodrigues R, Caricati-Neto A, Silva-Filho FC, Paredes-Gamero 
EJ, Ferreira AT. Low-intensity pulsed ultrasound-dependent osteoblast 
proliferation occurs by via activation of the P2Y receptor: role of the P2Y1 
receptor. Bone. 2010;46:355–62. https://​doi.​org/​10.​1016/j.​bone.​2009.​09.​017.

	9.	 Biswas P, Zanello LP. 1alpha,25(OH)(2) vitamin D(3) induction of ATP secre‑
tion in osteoblasts. J Bone Miner Res. 2009;24:1450–60. https://​doi.​org/​10.​
1359/​jbmr.​090306.

	10.	 Hayton MJ, Dillon JP, Glynn D, Curran JM, Gallagher JA, Buckley KA. 
Involvement of adenosine 5’-triphosphate in ultrasound-induced fracture 
repair. Ultrasound Med Biol. 2005;31:1131–8. https://​doi.​org/​10.​1016/j.​
ultra​smedb​io.​2005.​04.​017.

	11.	 Riddle RC, Taylor AF, Rogers JR, Donahue HJ. ATP release mediates fluid 
flow-induced proliferation of human bone marrow stromal cells. J Bone 
Miner Res. 2007;22:589–600. https://​doi.​org/​10.​1359/​jbmr.​070113.

	12.	 Romanello M, Bivi N, Pines A, et al. Bisphosphonates activate nucleotide 
receptors signaling and induce the expression of Hsp90 in osteoblast-like 
cell lines. Bone. 2006;39:739–53. https://​doi.​org/​10.​1016/j.​bone.​2006.​03.​
011.

	13.	 Rumney RM, Sunters A, Reilly GC, Gartland A. Application of multiple 
forms of mechanical loading to human osteoblasts reveals increased ATP 
release in response to fluid flow in 3D cultures and differential regulation 
of immediate early genes. J Biomech. 2012;45:549–54. https://​doi.​org/​10.​
1016/j.​jbiom​ech.​2011.​11.​036.

	14.	 Brandao-Burch A, Key ML, Patel JJ, Arnett TR, Orriss IR. The P2X7 receptor 
is an important regulator of extracellular ATP levels. Front Endocrinol. 
2012;3:41. https://​doi.​org/​10.​3389/​fendo.​2012.​00041.

	15.	 Orriss IR, Knight GE, Utting JC, Taylor SE, Burnstock G, Arnett TR. Hypoxia 
stimulates vesicular ATP release from rat osteoblasts. J Cell Physiol. 
2009;220:155–62. https://​doi.​org/​10.​1002/​jcp.​21745.

	16.	 Jorgensen NR, Husted LB, Skarratt KK, et al. Single-nucleotide polymor‑
phisms in the P2X7 receptor gene are associated with post-menopausal 
bone loss and vertebral fractures. Eur J Hum Genet. 2012;20:675–81. 
https://​doi.​org/​10.​1038/​ejhg.​2011.​253.

	17.	 Ohlendorff SD, Tofteng CL, Jensen JE, et al. Single nucleotide polymor‑
phisms in the P2X7 gene are associated to fracture risk and to effect of 
estrogen treatment. Pharmacogenet Genom. 2007;17:555–67. https://​doi.​
org/​10.​1097/​FPC.​0b013​e3280​951625.

	18.	 Bowler WB, Birch MA, Gallagher JA, Bilbe G. Identification and cloning of 
human P2U purinoceptor present in osteoclastoma, bone, and osteo‑
blasts. J Bone Miner Res. 1995;10:1137–45. https://​doi.​org/​10.​1002/​jbmr.​
56501​00720.

	19.	 Hoebertz A, Mahendran S, Burnstock G, Arnett TR. ATP and UTP at 
low concentrations strongly inhibit bone formation by osteoblasts: a 
novel role for the P2Y2 receptor in bone remodeling. J Cell Biochem. 
2002;86:413–9. https://​doi.​org/​10.​1002/​jcb.​10236.

	20.	 Maier R, Glatz A, Mosbacher J, Bilbe G. Cloning of P2Y6 cDNAs and 
identification of a pseudogene: comparison of P2Y receptor subtype 
expression in bone and brain tissues. Biochem Biophys Res Commun. 
1997;240:298–302. https://​doi.​org/​10.​1006/​bbrc.​1997.​7135.

	21.	 Orriss IR, Utting JC, Brandao-Burch A, et al. Extracellular nucleotides block 
bone mineralization in vitro: evidence for dual inhibitory mechanisms 
involving both P2Y2 receptors and pyrophosphate. Endocrinology. 
2007;148:4208–16. https://​doi.​org/​10.​1210/​en.​2007-​0066.

	22.	 Yegutkin GG. Nucleotide- and nucleoside-converting ectoenzymes: 
Important modulators of purinergic signalling cascade. Biochim Biophys 
Acta. 2008;1783:673–94. https://​doi.​org/​10.​1016/j.​bbamcr.​2008.​01.​024.

	23.	 Gendron FP, Benrezzak O, Krugh BW, Kong Q, Weisman GA, Beaudoin AR. 
Purine signaling and potential new therapeutic approach: possible out‑
comes of NTPDase inhibition. Curr Drug Targets. 2002;3:229–45. https://​
doi.​org/​10.​2174/​13894​50023​347713.

	24.	 Pelletier J, Salem M, Lecka J, Fausther M, Bigonnesse F, Sevigny J. Genera‑
tion and characterization of specific antibodies to the murine and human 
ectonucleotidase NTPDase8. Front Pharmacol. 2017;8:115. https://​doi.​
org/​10.​3389/​fphar.​2017.​00115.

	25.	 Pinheiro AR, Paramos-de-Carvalho D, Certal M, et al. Histamine induces 
ATP release from human subcutaneous fibroblasts, via pannexin-1 
hemichannels, leading to Ca2+ mobilization and cell proliferation. J Biol 
Chem. 2013;288:27571–83. https://​doi.​org/​10.​1074/​jbc.​M113.​460865.

	26.	 Munkonda MN, Pelletier J, Ivanenkov VV, et al. Characterization of a 
monoclonal antibody as the first specific inhibitor of human NTP diphos‑
phohydrolase-3: partial characterization of the inhibitory epitope and 
potential applications. FEBS J. 2009;276:479–96. https://​doi.​org/​10.​1111/j.​
1742-​4658.​2008.​06797.x.

	27.	 Baddoo M, Hill K, Wilkinson R, et al. Characterization of mesenchymal 
stem cells isolated from murine bone marrow by negative selection. J 
Cell Biochem. 2003;89:1235–49. https://​doi.​org/​10.​1002/​jcb.​10594.

	28.	 Boiret N, Rapatel C, Veyrat-Masson R, et al. Characterization of nonex‑
panded mesenchymal progenitor cells from normal adult human bone 
marrow. Exp Hematol. 2005;33:219–25. https://​doi.​org/​10.​1016/j.​exphem.​
2004.​11.​001.

	29.	 Dennis JE, Carbillet JP, Caplan AI, Charbord P. The STRO-1+ marrow 
cell population is multipotential. Cells Tissues Organs. 2002;170:73–82. 
https://​doi.​org/​10.​1159/​00004​6182.

	30.	 Gronthos S, Zannettino AC, Hay SJ, et al. Molecular and cellular charac‑
terisation of highly purified stromal stem cells derived from human bone 
marrow. J Cell Sci. 2003;116:1827–35. https://​doi.​org/​10.​1242/​jcs.​00369.

	31.	 Lin P, Lin Y, Lennon DP, Correa D, Schluchter M, Caplan AI. Efficient 
lentiviral transduction of human mesenchymal stem cells that preserves 
proliferation and differentiation capabilities. Stem Cells Transl Med. 
2012;1:886–97. https://​doi.​org/​10.​5966/​sctm.​2012-​0086.

	32.	 Hoemann CD, El-Gabalawy H, McKee MD. In vitro osteogenesis assays: 
influence of the primary cell source on alkaline phosphatase activity and 
mineralization. Pathol Biol. 2009;57:318–23. https://​doi.​org/​10.​1016/j.​
patbio.​2008.​06.​004.

	33.	 Brandao-Burch A, Utting JC, Orriss IR, Arnett TR. Acidosis inhibits bone 
formation by osteoblasts in vitro by preventing mineralization. Calcif Tis‑
sue Int. 2005;77:167–74. https://​doi.​org/​10.​1007/​s00223-​004-​0285-8.

	34.	 Alqallaf SM, Evans BA, Kidd EJ. Atypical P2X receptor pharmacology in 
two human osteoblast-like cell lines. Br J Pharmacol. 2009;156:1124–35. 
https://​doi.​org/​10.​1111/j.​1476-​5381.​2009.​00119.x.

	35.	 Keiding R, Hörder M, Gerhardt Denmark W, et al. Recommended methods 
for the determination of four enzymes in blood. Scand J Clin Lab Invest. 
1974;33:291–306. https://​doi.​org/​10.​1080/​00365​51740​90824​99.

https://doi.org/10.1002/(SICI)1097-4652(199910)181:1%3c67::AID-JCP7%3e3.0.CO;2-C
https://doi.org/10.1002/(SICI)1097-4652(199910)181:1%3c67::AID-JCP7%3e3.0.CO;2-C
https://doi.org/10.1002/jcp.22458
https://doi.org/10.1126/science.284.5411.143
https://doi.org/10.1126/science.284.5411.143
https://doi.org/10.1096/fj.14-257923
https://doi.org/10.1002/jcp.23014
https://doi.org/10.1002/jcp.23014
https://doi.org/10.1002/jcp.25303
https://doi.org/10.1016/j.bone.2009.09.017
https://doi.org/10.1359/jbmr.090306
https://doi.org/10.1359/jbmr.090306
https://doi.org/10.1016/j.ultrasmedbio.2005.04.017
https://doi.org/10.1016/j.ultrasmedbio.2005.04.017
https://doi.org/10.1359/jbmr.070113
https://doi.org/10.1016/j.bone.2006.03.011
https://doi.org/10.1016/j.bone.2006.03.011
https://doi.org/10.1016/j.jbiomech.2011.11.036
https://doi.org/10.1016/j.jbiomech.2011.11.036
https://doi.org/10.3389/fendo.2012.00041
https://doi.org/10.1002/jcp.21745
https://doi.org/10.1038/ejhg.2011.253
https://doi.org/10.1097/FPC.0b013e3280951625
https://doi.org/10.1097/FPC.0b013e3280951625
https://doi.org/10.1002/jbmr.5650100720
https://doi.org/10.1002/jbmr.5650100720
https://doi.org/10.1002/jcb.10236
https://doi.org/10.1006/bbrc.1997.7135
https://doi.org/10.1210/en.2007-0066
https://doi.org/10.1016/j.bbamcr.2008.01.024
https://doi.org/10.2174/1389450023347713
https://doi.org/10.2174/1389450023347713
https://doi.org/10.3389/fphar.2017.00115
https://doi.org/10.3389/fphar.2017.00115
https://doi.org/10.1074/jbc.M113.460865
https://doi.org/10.1111/j.1742-4658.2008.06797.x
https://doi.org/10.1111/j.1742-4658.2008.06797.x
https://doi.org/10.1002/jcb.10594
https://doi.org/10.1016/j.exphem.2004.11.001
https://doi.org/10.1016/j.exphem.2004.11.001
https://doi.org/10.1159/000046182
https://doi.org/10.1242/jcs.00369
https://doi.org/10.5966/sctm.2012-0086
https://doi.org/10.1016/j.patbio.2008.06.004
https://doi.org/10.1016/j.patbio.2008.06.004
https://doi.org/10.1007/s00223-004-0285-8
https://doi.org/10.1111/j.1476-5381.2009.00119.x
https://doi.org/10.1080/00365517409082499


Page 20 of 20Noronha‑Matos et al. Stem Cell Research & Therapy           (2023) 14:97 

	36.	 Lu X, Alshemali S, de Wynter EA, Dickinson AM. Mesenchymal stem cells 
from CD34(-) human umbilical cord blood. Transfus Med. 2010;20:178–84. 
https://​doi.​org/​10.​1111/j.​1365-​3148.​2009.​00981.x.

	37.	 Baqi Y, Weyler S, Iqbal J, Zimmermann H, Muller CE. Structure-activity 
relationships of anthraquinone derivatives derived from bromaminic 
acid as inhibitors of ectonucleoside triphosphate diphosphohydrolases 
(E-NTPDases). Purinergic Signal. 2009;5:91–106. https://​doi.​org/​10.​1007/​
s11302-​008-​9103-5.

	38.	 Panupinthu N, Zhao L, Possmayer F, Ke HZ, Sims SM, Dixon SJ. P2X7 
nucleotide receptors mediate blebbing in osteoblasts through a pathway 
involving lysophosphatidic acid. J Biol Chem. 2007;282:3403–12. https://​
doi.​org/​10.​1074/​jbc.​M6056​20200.

	39.	 Nakashima K, Zhou X, Kunkel G, et al. The novel zinc finger-containing tran‑
scription factor osterix is required for osteoblast differentiation and bone 
formation. Cell. 2002;108:17–29. https://​doi.​org/​10.​1016/​s0092-​8674(01)​
00622-5.

	40.	 Liu Q, Li M, Wang S, Xiao Z, Xiong Y, Wang G. Recent advances of osterix 
transcription factor in osteoblast differentiation and bone formation. Front 
Cell Dev Biol. 2020. https://​doi.​org/​10.​3389/​fcell.​2020.​601224.

	41.	 Buckley KA, Golding SL, Rice JM, Dillon JP, Gallagher JA. Release and inter‑
conversion of P2 receptor agonists by human osteoblast-like cells. FASEB J. 
2003;17:1401–10. https://​doi.​org/​10.​1096/​fj.​02-​0940c​om.

	42.	 Genetos DC, Geist DJ, Liu D, Donahue HJ, Duncan RL. Fluid shear-induced 
ATP secretion mediates prostaglandin release in MC3T3-E1 osteoblasts. J 
Bone Miner Res. 2005;20:41–9. https://​doi.​org/​10.​1359/​JBMR.​041009.

	43.	 Romanello M, Pani B, Bicego M, D’Andrea P. Mechanically induced ATP 
release from human osteoblastic cells. Biochem Biophys Res Commun. 
2001;289:1275–81. https://​doi.​org/​10.​1006/​bbrc.​2001.​6124.

	44.	 Lazarowski ER, Boucher RC, Harden TK. Mechanisms of release of nucleo‑
tides and integration of their action as P2X- and P2Y-receptor activating 
molecules. Mol Pharmacol. 2003;64:785–95. https://​doi.​org/​10.​1124/​mol.​
64.4.​785.

	45.	 Lazarowski ER, Harden TK. Quantitation of extracellular UTP using a sensi‑
tive enzymatic assay. Br J Pharmacol. 1999;127:1272–8. https://​doi.​org/​10.​
1038/​sj.​bjp.​07026​54.

	46.	 Kreda SM, Okada SF, van Heusden CA, et al. Coordinated release of 
nucleotides and mucin from human airway epithelial Calu-3 cells. J 
Physiol. 2007;584:245–59. https://​doi.​org/​10.​1113/​jphys​iol.​2007.​139840.

	47.	 Kreda SM, Seminario-Vidal L, Heusden C, Lazarowski ER. Thrombin-
promoted release of UDP-glucose from human astrocytoma cells. Br J 
Pharmacol. 2008;153:1528–37. https://​doi.​org/​10.​1038/​sj.​bjp.​07076​92.

	48.	 Adeva-Andany MM, Gonzalez-Lucan M, Donapetry-Garcia C, Fernandez-
Fernandez C, Ameneiros-Rodriguez E. Glycogen metabolism in humans. 
BBA Clin. 2016;5:85–100. https://​doi.​org/​10.​1016/j.​bbacli.​2016.​02.​001.

	49.	 Lazarowski ER, Homolya L, Boucher RC, Harden TK. Direct demonstration 
of mechanically induced release of cellular UTP and its implication for 
uridine nucleotide receptor activation. J Biol Chem. 1997;272:24348–54. 
https://​doi.​org/​10.​1074/​jbc.​272.​39.​24348.

	50.	 Burrell HE, Wlodarski B, Foster BJ, et al. Human keratinocytes release ATP 
and utilize three mechanisms for nucleotide interconversion at the cell 
surface. J Biol Chem. 2005;280:29667–76. https://​doi.​org/​10.​1074/​jbc.​
M5053​81200.

	51.	 Buxton IL, Kaiser RA, Oxhorn BC, Cheek DJ. Evidence supporting the 
nucleotide axis hypothesis: ATP release and metabolism by coronary 
endothelium. Am J Physiol Heart Circ Physiol. 2001;281:H1657–66. 
https://​doi.​org/​10.​1152/​ajphe​art.​2001.​281.4.​H1657.

	52.	 Joseph SM, Pifer MA, Przybylski RJ, Dubyak GR. Methylene ATP analogs 
as modulators of extracellular ATP metabolism and accumulation. Br J 
Pharmacol. 2004;142:1002–14. https://​doi.​org/​10.​1038/​sj.​bjp.​07058​65.

	53.	 Yegutkin GG, Henttinen T, Jalkanen S. Extracellular ATP formation on 
vascular endothelial cells is mediated by ecto-nucleotide kinase activities 
via phosphotransfer reactions. FASEB J. 2001;15:251–60. https://​doi.​org/​
10.​1096/​fj.​00-​0268c​om.

	54.	 Yegutkin GG, Henttinen T, Samburski SS, Spychala J, Jalkanen S. The 
evidence for two opposite, ATP-generating and ATP-consuming, 
extracellular pathways on endothelial and lymphoid cells. Biochem J. 
2002;367:121–8. https://​doi.​org/​10.​1042/​BJ200​20439.

	55.	 Donahue HJ. Gap junctions and biophysical regulation of bone cell differentia‑
tion. Bone. 2000;26:417–22. https://​doi.​org/​10.​1016/​S8756-​3282(00)​00245-3.

	56.	 Burnstock G. Purinergic signalling. Br J Pharmacol. 2006;147(Suppl 1):S172–81. 
https://​doi.​org/​10.​1038/​sj.​bjp.​07064​29.

	57.	 Kukulski F, Levesque SA, Lavoie EG, et al. Comparative hydrolysis of P2 receptor 
agonists by NTPDases 1, 2, 3 and 8. Purinergic Signal. 2005;1:193–204. https://​
doi.​org/​10.​1007/​s11302-​005-​6217-x.

	58.	 Shih YV, Liu M, Kwon SK, et al. Dysregulation of ectonucleotidase-mediated 
extracellular adenosine during postmenopausal bone loss. Sci Adv. 2019. 
https://​doi.​org/​10.​1126/​sciadv.​aax13​87.

	59.	 Zebisch M, Baqi Y, Schafer P, Muller CE, Strater N. Crystal structure of NTPDase2 
in complex with the sulfoanthraquinone inhibitor PSB-071. J Struct Biol. 
2014;185:336–41. https://​doi.​org/​10.​1016/j.​jsb.​2014.​01.​005.

	60.	 Castelli MS, McGonigle P, Hornby PJ. The pharmacology and therapeutic 
applications of monoclonal antibodies. Pharmacol Res Perspect. 2019. https://​
doi.​org/​10.​1002/​prp2.​535.

	61.	 Lee JS, Park JC, Kim TW, et al. Human bone marrow stem cells cultured under 
hypoxic conditions present altered characteristics and enhanced in vivo tissue 
regeneration. Bone. 2015;78:34–45. https://​doi.​org/​10.​1016/j.​bone.​2015.​04.​
044.

	62.	 Palomaki S, Pietila M, Laitinen S, et al. HIF-1alpha is upregulated in human 
mesenchymal stem cells. Stem Cells. 2013;31:1902–9. https://​doi.​org/​10.​1002/​
stem.​1435.

	63.	 Pinto-Cardoso R, Pereira-Costa F, Faria JP, et al. Adenosinergic signalling in 
chondrogenesis and cartilage homeostasis: Friend or foe? Biochem Pharma‑
col. 2019. https://​doi.​org/​10.​1016/j.​bcp.​2019.​113784.

	64.	 Tomlinson RE, Silva MJ. HIF-1alpha regulates bone formation after osteo‑
genic mechanical loading. Bone. 2015;73:98–104. https://​doi.​org/​10.​
1016/j.​bone.​2014.​12.​015.

	65.	 Wagegg M, Gaber T, Lohanatha FL, et al. Hypoxia promotes osteogenesis 
but suppresses adipogenesis of human mesenchymal stromal cells in a 
hypoxia-inducible factor-1 dependent manner. PLoS One. 2012. https://​
doi.​org/​10.​1371/​journ​al.​pone.​00464​83.

	66.	 Zhou N, Hu N, Liao JY, et al. HIF-1alpha as a regulator of BMP2-induced 
chondrogenic differentiation, osteogenic differentiation, and endo‑
chondral ossification in stem cells. Cell Physiol Biochem. 2015;36:44–60. 
https://​doi.​org/​10.​1159/​00037​4052.

	67.	 Li B. MicroRNA regulation in osteogenic and adipogenic differentiation of 
bone mesenchymal stem cells and its application in bone regeneration. 
Curr Stem Cell Res Ther. 2018;13:26–30. https://​doi.​org/​10.​2174/​15748​
88X12​66617​06051​12727.

	68.	 Liu J, Li Y, Luo M, Yuan Z, Liu J. MicroRNA-214 inhibits the osteogenic dif‑
ferentiation of human osteoblasts through the direct regulation of bacu‑
loviral IAP repeat-containing 7. Exp Cell Res. 2017;351:157–62. https://​doi.​
org/​10.​1016/j.​yexcr.​2017.​01.​006.

	69.	 Liu XD, Cai F, Liu L, Zhang Y, Yang AL. MicroRNA-210 is involved in the 
regulation of postmenopausal osteoporosis through promotion of VEGF 
expression and osteoblast differentiation. Biol Chem. 2015;396:339–47. 
https://​doi.​org/​10.​1515/​hsz-​2014-​0268.

	70.	 Sandhu B, Perez-Matos MC, Tran S, et al. Global deletion of NTPDase3 pro‑
tects against diet-induced obesity by increasing basal energy metabo‑
lism. Metabolism. 2021. https://​doi.​org/​10.​1016/j.​metab​ol.​2021.​154731.

	71.	 Syed SK, Kauffman AL, Beavers LS, et al. Ectonucleotidase NTPDase3 is 
abundant in pancreatic beta-cells and regulates glucose-induced insulin 
secretion. Am J Physiol Endocrinol Metab. 2013;305:E1319–26. https://​
doi.​org/​10.​1152/​ajpen​do.​00328.​2013.

	72.	 Belcher SM, Zsarnovszky A, Crawford PA, Hemani H, Spurling L, Kirley TL. 
Immunolocalization of ecto-nucleoside triphosphate diphosphohydro‑
lase 3 in rat brain: implications for modulation of multiple homeostatic 
systems including feeding and sleep-wake behaviors. Neuroscience. 
2006;137:1331–46. https://​doi.​org/​10.​1016/j.​neuro​scien​ce.​2005.​08.​086.

	73.	 Kiss DS, Zsarnovszky A, Horvath K, et al. Ecto-nucleoside triphosphate 
diphosphohydrolase 3 in the ventral and lateral hypothalamic area of 
female rats: morphological characterization and functional implica‑
tions. Reprod Biol Endocrinol. 2009;7:31. https://​doi.​org/​10.​1186/​
1477-​7827-7-​31.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1111/j.1365-3148.2009.00981.x
https://doi.org/10.1007/s11302-008-9103-5
https://doi.org/10.1007/s11302-008-9103-5
https://doi.org/10.1074/jbc.M605620200
https://doi.org/10.1074/jbc.M605620200
https://doi.org/10.1016/s0092-8674(01)00622-5
https://doi.org/10.1016/s0092-8674(01)00622-5
https://doi.org/10.3389/fcell.2020.601224
https://doi.org/10.1096/fj.02-0940com
https://doi.org/10.1359/JBMR.041009
https://doi.org/10.1006/bbrc.2001.6124
https://doi.org/10.1124/mol.64.4.785
https://doi.org/10.1124/mol.64.4.785
https://doi.org/10.1038/sj.bjp.0702654
https://doi.org/10.1038/sj.bjp.0702654
https://doi.org/10.1113/jphysiol.2007.139840
https://doi.org/10.1038/sj.bjp.0707692
https://doi.org/10.1016/j.bbacli.2016.02.001
https://doi.org/10.1074/jbc.272.39.24348
https://doi.org/10.1074/jbc.M505381200
https://doi.org/10.1074/jbc.M505381200
https://doi.org/10.1152/ajpheart.2001.281.4.H1657
https://doi.org/10.1038/sj.bjp.0705865
https://doi.org/10.1096/fj.00-0268com
https://doi.org/10.1096/fj.00-0268com
https://doi.org/10.1042/BJ20020439
https://doi.org/10.1016/S8756-3282(00)00245-3
https://doi.org/10.1038/sj.bjp.0706429
https://doi.org/10.1007/s11302-005-6217-x
https://doi.org/10.1007/s11302-005-6217-x
https://doi.org/10.1126/sciadv.aax1387
https://doi.org/10.1016/j.jsb.2014.01.005
https://doi.org/10.1002/prp2.535
https://doi.org/10.1002/prp2.535
https://doi.org/10.1016/j.bone.2015.04.044
https://doi.org/10.1016/j.bone.2015.04.044
https://doi.org/10.1002/stem.1435
https://doi.org/10.1002/stem.1435
https://doi.org/10.1016/j.bcp.2019.113784
https://doi.org/10.1016/j.bone.2014.12.015
https://doi.org/10.1016/j.bone.2014.12.015
https://doi.org/10.1371/journal.pone.0046483
https://doi.org/10.1371/journal.pone.0046483
https://doi.org/10.1159/000374052
https://doi.org/10.2174/1574888X12666170605112727
https://doi.org/10.2174/1574888X12666170605112727
https://doi.org/10.1016/j.yexcr.2017.01.006
https://doi.org/10.1016/j.yexcr.2017.01.006
https://doi.org/10.1515/hsz-2014-0268
https://doi.org/10.1016/j.metabol.2021.154731
https://doi.org/10.1152/ajpendo.00328.2013
https://doi.org/10.1152/ajpendo.00328.2013
https://doi.org/10.1016/j.neuroscience.2005.08.086
https://doi.org/10.1186/1477-7827-7-31
https://doi.org/10.1186/1477-7827-7-31

	Silencing NTPDase3 activity rehabilitates the osteogenic commitment of post-menopausal stem cell bone progenitors
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Reagents, lenti-shRNAs and antibodies
	Cell culture conditions and phenotypic characterization of the cells
	NTPDase3 gene silencing using a lentivirus-coupled shRNA
	Viabilityproliferation and osteogenic differentiation of BM-MSCs
	Immunofluorescence staining
	Kinetic experiments and HPLC analysis
	Quinacrine-stained intracellular ATP deposits and extracellular ATP bioluminescence
	Presentation of data and statistical analysis

	Results
	Age-related differences in the expression of NTPDases and ecto-5′-nucleotidaseCD73 in human BM-MSCs undergoing osteogenic differentiation
	Age-related variation in the global NTPDase activity of human BM-MSCs undergoing osteogenic differentiation
	Inhibition of NTPDase3 activity increases the extracellular accumulation of ATP and UDP in osteogenic differentiating BM-MSCs from Pm women
	Inhibition of NTPDase3 activity fosters osteogenic differentiation and matrix mineralization of cultured BM-MSCs from Pm women
	Transient NTPDase3 gene silencing using a short hairpin RNA rescues the osteogenic differentiation potential of cultured BM-MSCs from Pm women
	Inhibition of NTPDase3 expressionactivity rehabilitates age-dependent deficits of the osteogenic transcription factor, Osterix, in cultured Pm BM-MSCs

	Discussion
	Conclusion
	Anchor 26
	Acknowledgements
	References


