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Extracellular nucleotides are potent signaling molecules mediating cell-specific biological functions, mostly
within the processes of tissue damage and repair and flogosis. We previously demonstrated that adenosine 5¢-
triphosphate (ATP) inhibits the proliferation of human bone marrow-derived mesenchymal stem cells (BM-
hMSCs), while stimulating, in vitro and in vivo, their migration. Here, we investigated the effects of ATP on
BM-hMSC differentiation capacity. Molecular analysis showed that ATP treatment modulated the expression
of several genes governing adipogenic and osteoblastic (ie, WNT-pathway-related genes) differentiation of
MSCs. Functional studies demonstrated that ATP, under specific culture conditions, stimulated adipogenesis
by significantly increasing the lipid accumulation and the expression levels of the adipogenic master gene
PPARc (peroxisome proliferator-activated receptor-gamma). In addition, ATP stimulated osteogenic differ-
entiation by promoting mineralization and expression of the osteoblast-related gene RUNX2 (runt-related
transcription factor 2). Furthermore, we demonstrated that ATP stimulated adipogenesis via its triphosphate
form, while osteogenic differentiation was induced by the nucleoside adenosine, resulting from ATP degra-
dation induced by CD39 and CD73 ectonucleotidases expressed on the MSC membrane. The pharmacological
profile of P2 purinergic receptors (P2Rs) suggests that adipogenic differentiation is mainly mediated by the
engagement of P2Y1 and P2Y4 receptors, while stimulation of the P1R adenosine-specific subtype A2B is
involved in adenosine-induced osteogenic differentiation. Thus, we provide new insights into molecular
regulation of MSC differentiation.

Introduction

Mesenchymal stem cells (MSCs) are multipotent adult
stem cells that can be isolated from several tissues, in-

cluding bone marrow, adipose tissue, and umbilical cord
blood [1,2]. MSCs can be expanded and induced to differen-
tiate in vitro and in vivo into several tissue lineages origi-
nating from the three germinal layers [3,4]. MSCs are thought
to be immunoprivileged, since they do not express costimu-
latory molecules that are involved in the activation of T cells
for transplant rejection [5–7]. Moreover, MSCs display im-
munomodulatory properties by inhibiting the activation,
proliferation, and function of immune cells by different
mechanisms of action [7,8]. Although some reports, showing

evidence of MSC immunogenicity in vivo [9–12], suggest a
more cautious approach, a growing body of preclinical and
clinical studies indicates MSCs as a promising tool for cell
therapy, bioengineering, and gene therapy [13–16].

Extracellular adenosine 5¢-triphosphate (ATP) and other
nucleotides elicit a wide array of cell-specific responses [17–
20]. In particular, ATP is a major signaling molecule during
flogosis and in the tissue repair [21–23]. Nucleotide activity is
mediated by specific purinerigic receptors (P2Rs) expressed
on many different cell types. So far, seven P2XR subtypes
(P2X1R to 7) and eight P2YR subtypes (P2Y1R, 2, 4, 6, 11, 12,
13, and 14) have been identified [24]. P2XRs are ligand-gated
ion channels, while P2YRs are G-protein-coupled receptors
[25,26]. The pattern of expression of different P2R subtypes
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on cell membrane influences activity and the ultimate effect
of nucleotides. Moreover, the intracytoplasmic signal cas-
cade activated by extracellular nucleotides is the result of the
balance between binding to specific receptors and their me-
tabolism. Indeed, ATP is converted to adenosine in intra-
cellular and extracellular spaces by the sequential activity of
specific nucleotide-hydrolyzing enzymes, such as the ecto-
NTPDase CD39 and the ecto-5’-nucleotidase CD73 (NT5E)
[27,28]. However, the resulting adenosine is not a mere
degradation product, but it is, in turn, a physiological reg-
ulator of a number of metabolic activities [21,29–31]. Ade-
nosine binds to P1 plasma membrane receptors, which are
activated by various ranges of adenosine concentrations.
Four subtypes of P1Rs have been cloned so far, namely A1,
A2A, A2B, and A3. All P1Rs are typical G-protein-coupled
receptors [24,32].

We have recently demonstrated that purinergic signaling
modulates several biological functions of human bone
marrow-derived mesenchymal stem cells (BM-hMSCs),
which express functional P2R subtypes. Gene expression
profiling (GEP) and functional studies revealed the ATP
inhibited the proliferation and the clonogenic potential of
MSCs. Moreover, ATP potentiated chemotactic response of
BM-hMSCs to CXCL12, and increased their spontaneous
migration in vitro and homing in vivo [33]. Other studies
from our group have also shown that human hematopoietic
stem cells express functional P2XRs and P2YRs of several
subtypes, and that the stimulation of CD34 + cells with ex-
tracellular nucleotides improves their clonogenic capacity,
migration, and engraftment in immunodeficient mice
[34,35]. Conversely, ATP inhibits proliferation and migra-
tion of leukemic cells [36].

Here, we show that extracellular ATP, through specific
receptors, stimulates the differentiation capacity of BM-
hMSCs to the adipogenic lineage, while the ATP degradation
product adenosine induces osteogenic differentiation.

Materials and Methods

Reagents

ATP, UTP, and adenosine were from Sigma-Aldrich (Saint
Louis, MO). CD73 inhibitor (a, b metylene adenosine), CD39
inhibitor (ARL67156), P2Y2R agonist (MRS2768), P2Y1R
antagonist (MRS 2279), P2Y11R antagonist (NF340), P2Y12R
antagonist (ARC66096), P2Y6R antagonist (MRS2578),
P2X7R antagonist (KN62), A2B adenosine receptor antago-
nist (PSB1115), and the generic adenosine receptor antagonist
(CGS15943) were all from Tocris (Bristol, UK). P2Y2R/
P2Y4R agonist (INS45973) was kindly provided by Inspire
Pharmaceutical (Durham, NC). Pertussis toxin (PTX) from
Bordetella pertussis was from Sigma-Aldrich.

Cell isolation and culture

hMSCs were isolated from BM aspirates of normal do-
nors after obtaining informed consent, as previously de-
scribed [15]. Briefly, the mononuclear cell fraction was
separated by centrifugation over a Ficoll-Paque gradient
(Amersham Bioscience, Piscataway, NJ), resuspended in a
proliferation medium consisting of a low-glucose Dulbec-
co’s modified Eagle’s medium (Lonza, Milan, Italy), 10%
bovine serum albumin (BSA; Gibco–Invitrogen, Carlsbad,

CA), 2 mM l-glutamine, and 1% antibiotics (MP Biomedi-
cals, Verona, Italy), and plated at an initial seeding density
of 1.6 · 105 cells/cm2. After 3 days, the nonadherent cell
fraction was removed by rinsing cells with phosphate-
buffered saline (PBS), and monolayers of adherent cells
were cultured until they reached 70%–90% confluence.
Cells were then trypsinized (0.25% trypsin with 0.1%
EDTA; EuroClone, Pero, Italy), subcultured at a density of
3.5 · 103 cells/cm2, and used for experiments within pas-
sages 3 to 5.

BM-hMSCs were treated with 1 mM ATP or with 100mM
adenosine or with solvent alone 24 h before starting the os-
teogenic or adipogenic differentiation protocols. Doses of
purines used in this study were selected based on previous
work [33] and dose–response curves. Briefly, we tested dif-
ferent concentrations of ATP, ranging from 500 mm to 2 mM,
and we evaluated the expression of peroxisome proliferator-
activated receptor-gamma (PPARg), the adipogenic differ-
entiation master gene. Similarly, we tested increasing doses
of adenosine (ie, 50 mm, 100mm, and 200 mM) on the expres-
sion of runt-related transcription factor 2 (RUNX2), the os-
teogenic differentiation master gene. The level of induction
of PPARg increased in a dose-dependent manner. However,
the highest dose of ATP (ie, 2 mM) induced a slightly toxic
effect (unpublished data). Therefore, we decided to use 1 mM
ATP in all experiments. Adenosine was used at the concen-
tration that produced the maximum level of induction of
RUNX2 (ie, 100 mM) (data not shown). In some experiments,
BM-hMSCs were treated with 1 mM ATP for the first 3 days
of differentiation. The results of these experiments were not
significantly different from those where MSCs were pre-
incubated with ATP.

Adipogenic and osteogenic induction

To induce adipogenic differentiation, BM-hMSCs were see-
ded at 2.1 · 104 cells/cm2 on a Lab-Tek II coverglass chamber
(Nalge-Nunc, Roskilde, Denmark) and grown for 3 days in an
adipogenic induction medium (Lonza) containing additional
h-Insulin, l-glutamine, mesenchymal cell growth supplement
(MCGS), dexamethasone, indomethacin, 3-isobuty-I-methyl-
xanthine, and pen/strep, followed by 3 days in an adipogenic
maintenance medium containing h-Insulin, l-glutamine,
MCGS, and pen/strep (1 cycle). Both steps were repeated up to
day 12 (indicated in the results as second cycle) or 18 (indicated
in the results as third cycle), when cell cultures were stopped
for histological staining and total RNA extraction.

To induce osteogenic differentiation, BM-hMSCs were
seeded at 3.1 · 103 cells/cm2 and grown in an osteogenic
differentiation medium (Lonza) containing l-glutamine,
MCGS, dexamethasone, ascorbate, b-glycerophosphate, and
pen/strep. The media were replaced every 3–4 days. Cell
cultures were stopped at days 14 (2 weeks) and 21 (3 weeks)
for histological staining and total RNA extraction.

Oil-red-O and Alizarin Red staining procedure

Fat droplets within adipocytes were identified using the
Oil-red-O staining method. Briefly, cells were fixed in 10%
paraformaldehyde (PFA) in PBS for 1 h at room temperature
and rinsed in 60% isopropanol. Isopropanol was removed,
and the wells were completely dried and stained with a
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0.6% (w/v) Oil red O solution (Sigma-Aldrich) for 15 min at
room temperature with gentle rotation. For quantification,
cell monolayers were washed extensively with water to
remove the unbound dye, and then 100% isopropanol was
added to the stained cultures. The absorbance of the extract
was assayed by a spectrophotometer at 500 nm (Multiskan
Ex; Thermo Electron Corporation Waltham, MA). Each
sample was measured in duplicate wells. The final con-
centration was determined using an Oil red O standard
curve.

Calcium deposition was determined using Alizarin Red
staining. Briefly, cells were fixed in 10% PFA in PBS for
15 min at room temperature and rinsed with PBS and dis-
tilled water. Fixed cultures were stained with 40 mM Aliz-
arin Red solution (Sigma-Aldrich) pH 4.2, for 75 min at
room temperature with gentle agitation and rinsed with
distilled water. Alizarin Red was extracted from fixed cells
by incubating in 10% (w/v) cethylpyridinium chloride
solution (Sigma-Aldrich) in 10 mM sodium phosphate for
15 min at room temperature with gentle agitation. The
absorbance of extracted Alizarin Red was measured at
570 nm. Each sample was measured in duplicate wells. The
final concentration was determined using the appropriate
standard curve.

Total RNA extraction, reverse transcription,
and quantitative real-time polymerase chain reaction

Total RNA was isolated using Rneasy Micro kit (Qiagen,
MI, Italy) according to the manufacturer’s instructions and
quantified by a Nanodrop ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE). 1mg of dena-
tured total RNA was reverse transcribed using Promega
Improm II kit and random hexamers in a 20mL final volume
according to manufacturer’s instruction (Promega Corpora-
tion, Madison, WI). Quantitative real-time polymerase chain
reaction (qRT-PCR) was performed using the ABI-PRISM
7700 Sequence Detection System (Applied Biosystems, Foster
City, CA).

The qRT-PCRs were performed using a 96-well Optical
Reaction Plate and a 7700 ABI PRISM system (Applied Bio-
system). For each PCR run, 1 mL of cDNA product was mixed
with 2 · Platinum Super mix (Invitrogen) in a total volume of
25 mL. The thermal cycling conditions consisted of an initial
stage of 50�C for 2 min, and 95�C for 10 min, 40 cycles of
melting at 95�C for 15 s, and annealing at 60�C for 1 min.
Threshold cycle (Ct) values for specific and control gene were
determined automatically using a 7700 ABI PRISM system
(Applied Biosystem). Relative quantification was calculated
using DCt comparative method [37], and GAPDH was used
as the endogenous reference gene. Briefly, the relative level
of a specific mRNA, PPARg and RUNX2, was calculated by
subtracting the Ct value of the control gene from the Ct value
of the specific gene. PPARc or RUNX2 mRNA levels in un-
treated/undifferentiated cells for each time of differentiation
were taken as 1. All reactions were performed in duplicate,
and samples were obtained from at least 4 independent
experiments.

Primer probes for PPARg, Hs01115513_m1, RUNX2,
Hs00231692_m1, GAPDH, Hs00266705_g1, P2Y1 Hs
00704965_s1, P2Y2 Hs00175732_m1, P2Y4 Hs00267404_s1,
P2Y6 Hs00602548_m1, P1A1 Hs 00379752_m1, P1A2A Hs

00386497_m1, P1A2B Hs00169123_m1, and P1A3 Hs
00252933_m1 were purchased from Applied Biosystems.

Microarrays

Microarray data utilized for the analysis of genes differ-
entially expressed in undifferentiated BM-hMSCs untreated
versus treated with ATP (Supplementary Fig. S1; Supple-
mentary Data are available online at www.liebertpub.com/
scd) originate from Ferrari et al. [33] and were deposited in
the Gene Expression Omnibus MIAME compliant public
database, at www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
token=dlmdfaeamiqioxs&acc=GSE14566

For microarray analysis in differentiated cells (Fig. 1),
BM-hMSCs were pretreated with 1 mM ATP (ATP-
pre-treat) or with solvent alone (untr) for 24 h, before
initiating the osteogenic or adipogenic differentiation pro-
tocols as described above. ATP-pretreated and untreated
BM-hMSCs were cultured also in the medium without
differentiation-inducing agents (und) (for sample nomen-
clature, see Supplementary Table S1). After 3 weeks of os-
teogenic/adipogenic differentiation, ATP-treated or
untreated differentiated or undifferentiated BM-hMSCs
were collected and lyzed in the QIAZOL Buffer (Qiagen,
Valencia, CA). Total RNA from BM-hMSCs was extracted
using an miRNeasy Mini Kit (Qiagen) in accordance with
the manufacturer’s recommendations. Disposable RNA
chips (Agilent RNA 6000 Nano LabChip kit; Agilent Tech-
nologies, Waldbrunn, Germany) were used to determine the
concentration and purity/integrity of RNA samples using
the Agilent 2100 Bioanalyzer. NanoDrop ND-1000 spectro-
photometer (NanoDrop Technologies) was used to evaluate
the RNA sample concentration, and 260/280 and 260/
230 nm ratios were considered to verify the purity of total
RNA. Microarray analysis was performed starting from
pooled RNA obtained from 5 independent experiments.

GeneAtlas 3¢IVT Express Kit as well as Affymetrix HG-
U219 array strip hybridization, staining, and scanning were
performed, using the Affymetrix GeneAtlas standard proto-
cols (Affymetrix, Santa Clara, CA). All the data have been
deposited in the Gene Expression Omnibus MIAME compli-
ant public database, at www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?token = dlmdfaeamiqioxs&acc = GSE37237. Gene ex-
pression data were imported into Partek Genomics Suite 6.5
(Partek, St. Louis, MO) as CEL files using default parameters.
Raw data were preprocessed, including background correc-
tion, normalization, and summarization, using robust multi-
array average analysis, and expression data were log2-
transformed. Differentially expressed genes were selected as
the sequences showing signal log ratio (SLR) ‡ 1 or £ - 1 in
the pairwise comparisons between ATP-pretreated and un-
treated samples. Ingenuity pathways analysis (IPA) (www
.ingenuity.com) was used to examine selected lists of genes to
study pathways modulated by treatment.

Flow cytometry

Dual-color immunofluorescence was performed using anti-
human phycoerythrin-conjugated CD39 (BD Pharmingen,
Franklin Lakes, NJ) and anti-human fluorescein isothiocyanate-
conjugated CD73 (BD Pharmingen) monoclonal antibodies
(mAbs). Negative controls were isotype-matched irrelevant
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mAbs. For cell-surface staining, cells (5 · 105) were incubated in
the dark for 30 min at 4�C in PBS–1% BSA. Cells were rinsed in
PBS and analyzed using BD FACSCanto�II equipment (BD
Biosciences, Franklin Lakes, NJ). A minimum of 10,000 events
was collected in list mode on FACSDiva software.

Statistical analysis

Results are given as mean – SD. Data collected from all ex-
periments were analyzed using the Student’s t-test. P £ 0.05 was
considered as statistically significant and indicated with

FIG. 1. Microarray analysis in adenosine 5¢-triphosphate (ATP)-pretreated differentiated human bone marrow-derived
mesenchymal stem cells (BM-hMSCs). (A) Gene expression profile of untreated or ATP-pretreated BM-hMSCs after 3
weeks of adipogenic differentiation induction. Changes in gene expression are reported on the x-axis as signal log ratio
(SLR) in the pairwise comparison ATP-pretreated versus untreated BM-hMSCs differentiated to adipocytes. (B) Ingenuity
pathway analysis of differentially expressed genes in ATP-pretreated BM-hMSCs compared with untreated counterpart
after 3 weeks of osteogenic differentiation. Green and red colors indicate genes down- and upregulated, respectively, in
the pairwise comparison ATP-pretreated versus untreated BM-hMSCs differentiated to osteocytes. Expression of WNT-
signaling pathway components resulted modulated by ATP pretreatment. (C) Gene expression profile of untreated or
ATP-pretreated BM-hMSCs after 3 weeks of osteogenic differentiation. Changes in gene expression are reported on the
x-axis as SLR in the pairwise comparison ATP-pretreated versus untreated BM-hMSCs differentiated to osteocytes. For
sample nomenclature, see Supplementary Table S1. For annotations of genes included in this figure, see Supplementary
Table S3.
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* 0.001 £ P £ 0.02 was considered as highly significant and in-
dicated with ** P > 0.05 was considered as not significant.

Results

Gene expression profile of ATP-treated
undifferentiated BM-hMSCs

We previously demonstrated that ATP treatment of BM-
hMSCs upregulated many genes involved in skeletal devel-
opment, bone mineralization, regulation of bone remodeling,
and osteoblast differentiation [33]. In this article, further
analysis of differentially expressed genes showed that ATP
induces, even in the absence of any differentiation stimuli,
the expression of master regulatory genes of osteogenic and
adipogenic differentiation in BM-hMSCs. As shown in Sup-
plementary Fig. S1, different genes involved in osteogenic
differentiation are upregulated in ATP-treated BM-hMSCs
compared to the untreated sample, such as osteoblastic
transcription factors (ie, RUNX2 [38] and FOXO1 [39]), os-
teoblastic markers (ie, ANKH, BGLAP, and SPP1 [40,41]),
and osteogenic growth factors (ie, BMP2, BMP6, WISP2, and
IGFBP5 [42–45]). Moreover, ATP treatment of BM-hMSCs
increased the expression of adipogenic transcription factors
(ie, CEBPA, PPARGC1A, and CEBPB) [46] and adipocyte-
specific proteins (ie, ADFP, PC, and SPG20 [47–49]) (Sup-
plementary Fig. S1). Finally, although ATP upregulated
some genes associated with chondrocyte differentiation, such
as CHI3L1, CRTAP, and BMP1 [50,51], none of master reg-
ulator genes of this lineage resulted modulated (Supple-
mentary Fig. S1; for annotation of genes included in this
figure see Supplementary Table S2). Thus, based on these
data obtained in undifferentiated BM-hMSCs, we studied the
effects of ATP on osteogenic and adipogenic differentiation.

GEP of ATP-treated BM-hMSCs in adipogenic
and osteogenic culture conditions

BM-hMSCs were transiently exposed to ATP (1 mM) for
24 h (ATP pre-treat) before starting differentiation induction.
BM-hMSCs were then cultured under adipogenic or osteo-
genic conditions as described in the Materials and Methods
section, and GEP was analyzed after 3 weeks of culture.

For comparison, we first analyzed the GEP of undiffer-
entiated BM-hMSCs (und) and that of BM-hMSCs differen-
tiated to the osteogenic (untr osteo) and adipogenic (untr
adipo) lineages without addition of ATP. As expected, os-
teogenic transcription factors such as RUNX2 and FOXO1
and adipogenic transcription factors PPARg, CEBPA, and
CEBPD were increased in differentiated MSCs even in the
absence of ATP (not shown).

However, when BM-hMSCs were preincubated with ATP
and then differentiated to the adipogenic lineage (ATP pre-
treat adipo), some master genes involved in adipogenesis
such as ADIPOQ, a PPARg [52] and CEPBPA [53] target
gene, and several adipocyte differentiation markers such as
ESM1 [54] and S100B [55] were significantly increased com-
pared to untreated counterpart (untr adipo). Moreover, ID1,
a key transcription factor in osteogenic differentiation, was
downregulated, as previously reported [56] (Fig. 1A).

Furthermore, to study pathways modulated by ATP treat-
ment in osteogenic differentiated cells, we compared ATP-
pretreated (ATP pre-treat osteo) versus untreated BM-hMSCs

(untr osteo) differentiated versus osteogenic lineage and up-
loaded a list of 290 differentially expressed transcripts to IPA
software (see the Materials and Methods section) (Fig. 1B).
Interestingly, we found that ATP modulated several genes
coding for proteins involved in the WNT/b-catenin pathway,
involved in supporting MSC osteogenic differentiation (Fig.
1B). In particular, the expression of WNT receptor FZD6 [57],
beta-catenin interactor NR4A orphan nuclear receptors
(NR4A1 and NR4A2) [58], and WNT target genes as CCND1
(cyclin D1) and SPRY4 were increased in ATP-treated cells.
Consistently, some WNT/b -catenin signaling pathway in-
hibitors, such as DKK2 [59], SFRP1 [60], and SFRP4 [61], were
downregulated (Fig. 1B). Moreover, as shown in Fig. 1C, the
expression of many other genes important for osteoblastic
differentiation was modulated by ATP treatment. In particu-
lar, among upregulated transcripts, we found signal trans-
duction proteins involved in osteogenic differentiation, such
as CAST [62], ID1, and SOCS2 [63]; osteogenic growth factors,
such as FGF2, STC1 [64], ADM, and IL18, described as a
mitogen to the osteogenic and chondrogenic cells [65], and
osteoblastic differentiation markers, such as ADAMTS1 and
CLDN11. Among ATP-downregulated genes, we found
PBX1, a transcription factor that impaired osteogenic com-
mitment of pluripotent cells and the differentiation of osteo-
blasts [66] and other transcripts whose expression was
inversely related to cell mineralization and terminal differen-
tiation, such as POSTN [67], DPT, ROR2 [68], and SOX4 [69]
(Fig. 1C). Interestingly, ATP increased the expression of FBN2,
but downregulated FBN1 (Fig. 1C). FBN1 and FBN2 are
structural components of extracellular microfibrils and critical
regulators of bone formation. The increase of FBN2 and
downregulation of FBN1 resulted in the promotion of osteo-
genic differentiation [70] (For annotations of genes included in
this paragraph see Supplementary Table S3).

Taken together, these data demonstrate the role of ATP in
promoting osteogenic and adipogenic differentiation of MSCs.

Exogenously added ATP increases BM-hMSC
adipogenic differentiation

We then studied at the functional level, the effects of ATP
on adipogenic and osteogenic differentiation of BM-hMSCs.

To this aim, BM-hMSCs were transiently exposed to ATP
before inducing differentiation as previously described. BM-
hMSCs were then cultured under adipogenic conditions as
described in the Materials and Methods section. Differ-
entiated cells were analyzed after 2 and 3 weeks.

First, we asked whether ATP treatment would be able to
stimulate the expression of PPARg, a ligand-dependent tran-
scription factor known to be a primary inducer of adipogen-
esis [71]. As shown in Fig. 2A, qRT- PCR confirmed that 2
weeks of adipogenic differentiation resulted in 15–20-fold-
increase of PPARg mRNA as compared to undifferentiated
cells (P < 0.001), and that preincubation with ATP induced a
further 10–15-fold-increase in PPARc mRNA expression as
compared to untreated cells (P < 0.01). Similar results were
observed after 3 weeks of differentiation (Fig. 2A).

We then analyzed differentiated cultures under the micro-
scope. After 2 weeks of adipogenic differentiation (second cy-
cle), numerous lipid drops could be observed in the
intracellular space of differentiated cells. Lipid content of the
cells was demonstrated through Oil red O staining. As shown
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in Fig. 2B, adipogenesis-related accumulation of lipids was
more evident in ATP-treated cells with respect to untreated
cultures. Lipid drops were not observed in the cells cultured in
the medium without differentiation-inducing agents with or
without ATP (Fig. 2B). The destaining of the cultures and the
evaluation of the dye extract absorbance by a spectrophotom-

eter showed a significant increase in dye concentration (a
measure of the total lipid content of the culture) in ATP-treated
cells in comparison with untreated cells (Fig. 2C). After 3 weeks
of differentiation (third cycle), these differences were still
present (Fig. 2C). The data indicated that extracellular ATP
improved differentiation under adipogenic culture conditions.

FIG. 2. Effect of ATP during differentiation of BM-hMSCs into adipocytes. (A) Quantitative real-time reverse transcription–
polymerase chain reaction (qRT-PCR) analysis of peroxisome proliferator-activated receptor-gamma (PPARg) mRNA
(PPARg/GAPDH relative levels) in undifferentiated (white histograms) and differentiated cells, untreated (light gray histo-
grams), or treated with ATP (black histograms), after 2 (second cycle) or 3 weeks (third cycle) of culture. mRNA levels of
PPARg present in differentiated cells were normalized to that in undifferentiated cells (assigned a value of 1) (mean – SD of 8
independent experiments), **0.01 £ P £ 0.001. und., undifferentiated; untr., untreated; ATP pre-treat., ATP pre-treatment. (B)
Representative microphotos of Oil-red-O-stained BM-hMSCs cultured for 2 (second cycle) or 3 weeks (third cycle) in a
proliferation medium (undifferentiated), first and third row, or in adipogenic condition (differentiated), second and fourth row,
untreated (left column) or treated with ATP (right column). Magnification 20 · . Scale bar: 50 mm. (C) Quantitative destaining of
adipogenic differentiated BM-hMSCs, untreated (light gray histograms) or treated with ATP (black histograms), stained with
Oil red O. The graphs indicated the fold increase in the dye concentration, calculated from the appropriate standard curve,
and taking the value in untreated cells as 1 (mean – SD of 4 independent experiments), *P < 0.05; **P < 0.001.
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Furthermore, we asked whether ATP could improve BM-
hMSC differentiation in adipocytes under suboptimal culture
conditions (ie, treating preconfluent proliferating cells). To
this aim, we seeded BM-hMSCs at low cell density: 5-fold
(4.2 · 103 cells/cm2) and 10-fold (2.1 · 103 cells/cm2) less than
the standard concentration (2.1 · 104 cells/cm2), respectively,
and then we started the differentiation protocol. As shown in
Fig. 3A, diluted, untreated cells poorly differentiated in
adipocytes, whereas ATP-treated cells showed a massive
adipocyte induction, as demonstrated by both Oil-red-O
quantitative destaining (Fig. 3B) and PPARc mRNA expres-
sion in qRT-PCR assay (Fig. 3C). These data suggest that
extracellular ATP makes BM-hMSCs more sensitive to adi-
pogenic hormones even before reaching confluence.

Effects of extracellular ATP on BM-hMSC
osteogenic differentiation

We next tested the effect of ATP treatment on the differ-
entiation of BM-hMSCs to osteoblasts. We first assessed, by
qRT-PCR, the expression of the osteogenic marker gene
RUNX2, a pivotal transcription factor involved in the regu-
lation of osteogenesis [38]. Our data indicated that ATP
treatment significantly increased RUNX2 expression both
after 2 or 3 weeks of differentiation (Fig. 4A).

The analysis of mineralized area with Alizarin Red stain-
ing indicated that ATP pre-treatment enhanced the extent of
mineralization of BM-hMSC-differentiated cultures com-
pared to the untreated control (Fig. 4B). After 2 weeks of
differentiation induction, the mineralization area was al-
ready present, but the concentration of Alizarin Red in all
samples was too low to be measured. However, the quanti-
fication of alizarin red concentration at 3 weeks of differen-
tiation confirmed a significant increase (P < 0.01) in calcium
deposition in ATP-treated BM-hMSCs as compared to un-
treated cells (Fig. 4C).

We previously reported that 24h exposure to 1 mM ATP
significantly inhibited hMSC proliferation [33]. Since cell
cycle arrest is a prerequisite for differentiation, this obser-
vation gives rise to the question of whether the effect we
observed would be specifically induced by ATP treatment on
differentiation or it would be mediated by proliferation ar-
rest. To answer this question, we calculated the number of
cells after 2 weeks of osteogenic and adipogenic differentia-
tion (with and without ATP), and we compared those
numbers with the number of seeded cells. Overall, the
number of cells before and after the differentiation protocols
(with and without ATP) did not change significantly (Sup-
plementary Fig. S2A, S2B).

BM-hMSC differentiation is regulated
by different signaling cascades

ATP degradation products, such as adenosine, act as sig-
naling molecules in a variety of physiological processes
[21,22,29–31]. Adenosine is readily formed from ATP by the
sequential activity of CD39 and CD73 ectoenzymes, which are
expressed on the MSC plasma membrane [27,28,72–74]. When
we tested ectonucleotidase expression, we found that more
than 90% of BM-hMSCs were CD73 positive, whereas CD39
was expressed in a median of 25.6% of the cells (range: 14.8%–
59.9%) (Supplementary Table S4). Representative dot-plot dis-

playing the coexpression of CD73 and CD39 in BM-hMSCs is
shown in Fig. 5A. Thus, we hypothesized that ATP added to
the culture medium of differentiating BM-hMSC cultures could
be degraded by ectoenzymes to adenosine, which may be able
to act as signaling molecules to induce adipogenic and osteo-
genic differentiation. To answer this question, we tested the
effects of CD73- and CD39-specific inhibitors on PPARg and
RUNX2 expression in adipogenic and osteogenic conditions,
respectively. Figure 5B shows that the pharmacological block-
ade of CD73 and CD39 by adding, respectively, a,b methylene-
adenosine and ARL67156 to ATP-treated cultures maintained
or potentiated the effects of ATP on PPARg-dependent adipo-
genic differentiation. The addition of both ectoenzyme inhibi-
tors had a synergistic effect. Accordingly, the PPARg
expression level was similar in adenosine-treated and untreated
cultures (Fig. 5B). The potentiating effect of CD73 and CD39
inhibitors was confirmed by quantitative destaining of adipo-
genic differentiated cultures (Fig. 5C).

Conversely, we found that inhibition of CD73 and CD39 in
ATP-treated cells decreased RUNX2 expression levels to that
of untreated cells. Moreover, addition of adenosine strongly
stimulated RUNX2 upregulation (Fig. 5D). Similar results
were obtained by the quantification of Alizarin Red concen-
tration (Fig. 5E). Accordingly, incubation of ATP with the
nucleotide-hydrolyzing enzyme apyrase increased RUNX2
expression (data not shown). Taken together, our data suggest
that ATP exerts a direct stimulatory effect on adipogenic dif-
ferentiation, and its degradation to adenosine abolishes ATP
activity. Conversely, osteogenesis is induced by adenosine,
resulting from the degradation of ATP by ectoenzymes.

Signaling pathway of ATP-stimulated
adipogenic differentiation

In a previous work, we demonstrated that BM-hMSCs
express all P2R subtypes cloned so far, except for P2X2R, and
that they are functionally active [33].

PTX from B. pertussis is a potent inhibitor of G-protein-
coupled receptors [75]. Since P2YRs, but not P2XRs, are G-
protein-coupled receptors, we used PTX to assess whether
ATP-dependent increase of adipogenic differentiation was
mediated by P2X or P2Y receptor stimulation. As shown in Fig.
6A, ATP failed to increase PPARg expression levels in presence
of PTX (100 ng/mL), indicating that ATP modulates adipo-
genic differentiation by stimulating G-protein-coupled P2YR.
Furthermore, UTP, known to be an high-affinity ligand for
P2Y2R, P2Y4R, and P2Y6R receptors [26], had a stimulatory
effect similar to that of ATP on PPARg expression (Fig. 6A).

To dissect out the role of the different receptor subtypes
during adipogenic differentiation, we used currently avail-
able P2R agonists and antagonists. Indeed, many of the P2YR
subtypes are still lacking potent and selective synthetic ag-
onists and antagonists. These reagents are considered effec-
tive stimulators and inhibitors of P2R. As shown in Fig. 6B,
MRS2768, a P2Y2R agonist, did not substantially modify the
PPARg expression level respect to untreated cells, while the
P2Y2R/P2Y4R agonist INS45973 significantly increased
PPARg expression. MRS 2279, a P2Y1R-specific antagonist,
significantly modulated ATP-dependent PPARg expression,
whereas P2Y6R- (MRS2578), P2Y11R- (NF340), and P2Y12R-
(ARC66096) specific antagonists did not modify the ATP-
dependent effect on PPARg expression (Fig. 6B). As
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FIG. 3. Effect of ATP on BM-hMSC
adipogenic differentiation in pre-
confluent/proliferating culture condi-
tions. (A) Examples of BM-hMSCs
starting culture conditions (t0) in differ-
entiation experiments at the indicated
cell concentration (first row). Oil red O
staining of BM-hMSCs cultured for 3
weeks in adipogenic conditions, un-
treated (second row) or treated with ATP
(third row). Magnification 10 · . Scale bar:
50mm. (B) Quantification of Oil red O
staining in BM-hMSCs untreated (light
gray histograms) or treated with ATP
(black histograms) at the indicated cell
concentrations after 3 weeks of culture in
adipogenic conditions. The dye concen-
tration in untreated cells was taken as 1
(mean – SD of 2 independent experi-
ments), *P < 0.05; **P < 0.01. (C) mRNA
expression of PPARg (PPARg/GAPDH
relative levels) quantified by qRT-PCR in
undifferentiated (white histograms) and
differentiated cells (light gray and black
histograms), untreated or treated with
ATP, at the indicated cell concentrations
after 2 (second cycle) or 3 weeks (third
cycle) of culture. mRNA levels of PPARg
present in undifferentiated cells at each
cell concentration was taken as 1
(mean – SD of 2 independent experi-
ments), *P < 0.05; **P < 0.01. Where not
indicated the differences are not signifi-
cant. und., undifferentiated; untr., un-
treated; pre-treat., ATP pre-treatment.
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expected, KN62, a P2X7R antagonist, did not affect ATP-
dependent increase on PPARg expression levels (not shown).
Receptor antagonists added alone did not induce any effect
at tested concentration (not shown). Furthermore, P2Y4R
was upregulated during adipogenic differentiation, espe-
cially after ATP treatment (Supplementary Fig. S3A). Over-
all, these data demonstrate that ATP stimulated BM-hMSC
adipogenic differentiation via P2YRs, preferentially through
stimulation of the P2Y1R and P2Y4R subtypes.

Signaling pathway of adenosine-stimulated
osteogenic differentiation

Adenosine exerts its activity via P1 family receptors [32],
which are expressed in BM-hMSCs [76]. We first confirmed
that all four adenosine receptors, though to a different level, are

expressed in BM-hMSCs. A P1 generic antagonist (CGS15943)
added to adenosine-treated BM-hMSCs cultured under osteo-
genic conditions decreased RUNX2 expression levels as com-
pared with adenosine alone confirming involvement of P1Rs in
adenosine-dependent stimulation of osteogenesis (Fig. 7). A
recently published article indicated A2B receptor as new reg-
ulator of osteoblast differentiation in a knockout mouse model
[77]. We then demonstrated the expression of the A2B receptor
in BM-hMSCs, and this receptor was upregulated upon ATP or
adenosine treatment (Supplementary Fig. S3B). Then, we de-
cided to test the A2B-specific antagonists PSB1115, and we
found that adenosine failed to increase RUNX2 expression
levels in the presence of PSB1115 (Fig. 7). These results sug-
gested that, accordingly to the murine system, adenosine may
increase osteogenic differentiation capacity of BM-hMSCs by
stimulating the A2B receptor subtype.

FIG. 4. ATP stimulation of
osteogenesis on BM-hMSCs.
(A) mRNA expression of
runt-related transcription
factor 2 (RUNX2) (RUNX2/
GAPDH relative levels)
quantified by qRT-PCR in
undifferentiated (white histo-
grams) and differentiated
BM-hMSCs (light gray and
black histograms), untreated
or treated with ATP, after 2
and 3 weeks of culture.
mRNA levels of RUNX2 in
undifferentiated cells at each
time was taken as 1 (mean –
SD of 10 independent exper-
iments), *P < 0.05, **P < 0.01.
und., undifferentiated; untr.,
untreated; pre-treat., ATP
pre-treatment. (B) Alizarin
Red staining of BM-hMSCs
cultured for 2 and 3 weeks in a
proliferation medium (undif-
ferentiated), first and third row,
or in osteogenic condition (dif-
ferentiated), second and fourth
row, untreated (left column) or
treated with ATP (right col-
umn). Magnification 20 · . Scale
bar: 50mm. (C) Quantitative
destaining of Alizarin Red-
stained BM-hMSCs, untreated
(light gray histograms) or trea-
ted with ATP (black histo-
grams) after 3 weeks of
differentiation. The graphs in-
dicate the fold increase in the
dye concentration, calculated
from the appropriate standard
curve and taking the value in
untreated cells as 1 (mean– SD
of 3 independent experiments),
**P < 0.01.
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FIG. 5. Adenosine influence on adipogenesis and osteogenesis in BM-hMSCs. (A) Dot-plot of CD39/CD73 coexpression in a
representative sample of BM-hMSCs. Percentages of positive cells are indicated. (B) mRNA expression of PPARg (PPARg/
GAPDH relative levels) quantified by real-time PCR in differentiated cells (light gray and black histograms) at 3 weeks of
differentiation after treatment with ATP or adenosine alone or in the presence of CD73 inhibitor (iCD73), or CD39 (iCD39)
inhibitor, or both (mean – SD of 3 independent experiments), **P < 0.001 when ATP-treatment (ATP pre-treat.), ATP in the
presence of iCD73, or iCD39 or both were compared with untreated cells (untr.) (white histograms) (assigned value was 1)
**P < 0.001 comparing ATP pre-treat. versus ado; **P < 0.001 when ATP in the presence of iCD39 or iCD39 + iCD73 were
compared with ATP pre-treat. Where not indicated the differences are not significant. (C) Quantification of Oil red O staining
in BM-hMSCs untreated (light gray histograms) or treated with ATP (black histograms) or with ATP in the presence of CD73
inhibitor (iCD73) and CD39 inhibitor (iCD39) after 3 weeks of culture in adipogenic conditions. The dye concentration in
untreated cells was taken as 1 (mean – SD of 2 independent experiments), *P < 0.05. (D) mRNA expression of RUNX2
(RUNX2/GAPDH relative levels) by qRT-PCR analysis in undifferentiated (white histograms) (assigned value was 1) and
differentiated cells (light gray and black histograms), after 3 weeks of differentiation after incubation with ATP or adenosine
(ado) alone and ATP in the presence of CD73 inhibitor (iCD73), or CD39 inhibitor (iCD39) or both (mean – SD of 3 inde-
pendent experiments), *P < 0.05, **P < 0.001, when ATP-treatment (ATP pre-treat.) and ado, respectively, were compared with
untreated cells; **0.01 £ P £ 0.001, comparing ado, ATP + iCD73, and ATP + iCD73 versus ATP pre-treat (assigned value in
undifferentiated cells was 1). Where not indicated the differences are not significant. (E) Quantitative destaining of Alizarin
Red-stained BM-hMSCs, untreated (light gray histograms) or treated with ado (black histograms) or with ATP in the presence
of CD73 inhibitor (iCD73) and CD39 inhibitor (iCD39) (mean – SD of 2 independent experiments), after 3 weeks of differ-
entiation. The graphs indicate the fold increase in the dye concentration, calculated from the appropriate standard curve and
taking the value in untreated cells as 1. *P < 0.05.
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Discussion

Purinergic signaling is involved in several physiological
pathways of cell biology, including regulation of prolifera-
tion, differentiation, migration, and cell death. A growing
body of data has indicated that extracellular nucleotides might
play an important role in bone and adipocytes cell biology
[78–81]. However, little is known about the role of ATP and its
metabolites during the lineage determination of human MSCs,
bona fide precursors of bone cells and adipocytes.

The presence of nucleotides in the extracellular microen-
vironment is largely due to the balance between their release
from cells and their degradation by sequential intervention
of specialized ectoenzymes. Moreover, each cell type ex-
presses a peculiar array of purine and pyrimidine receptors,
modulated in different physiologic and pathological condi-
tions. Thus, the ultimate effect of purine and pyrimidine
signaling is determined by the concentration of active mol-
ecules and by the pattern of P1/P2 receptor expression and
stimulation in target cells.

In this view, we previously demonstrated that BM-hMSCs
expressed functional P2Rs whose engagement inhibited cell
proliferation while enhanced in vitro and in vivo cell migra-
tion, as well as the release of proinflammatory cytokines [33].

In this work, we asked whether pharmacological stimu-
lation with extracellular ATP may modulate the differentia-
tion capacity of BM-hMSCs. Our microarray data showed
that ATP treatment induced the expression of different key
factors involved in osteoblastic and adipogenic differentia-
tion of BM-hMSCs. ATP-dependent induction of differenti-
ation-representative genes (ie, PPARc and RUNX2) was
confirmed by qRT-PCR. More specifically, we investigated

FIG. 6. Purinergic pathway stimulation during adipogen-
esis in BM-hMSCs. (A) PPARc mRNA expression (PPARg/
GAPDH relative levels) after treatment with ATP, UTP, or
ATP in the presence of pertussis toxin (PTX after 3 weeks of
differentiation in adipogenic medium) (black histograms)
(mean – SD of 3 independent experiments). Using untreated
cells as the reference group, **P < 0.02. Where not indicated
the differences are not significant. und., undifferentiated;
untr., untreated; ATP pre-treat., ATP pre-treatment. (B)
mRNA expression of PPARc (PPARg/GAPDH relative lev-
els) by qRT-PCR in undifferentiated (white histograms) and
differentiated cells (light gray and black histograms), after 3
weeks of differentiation. Differentiated cells were treated
with ATP alone or with MRS2768, a P2Y2R-specific agonist,
or with INS45973, a P2Y2R/P2Y4R agonist, or with ATP in
the presence of MRS2279, a P2Y1R-specific antagonist, or a
P2Y11R- (NF340) or a P2Y12R- (ARC66096) specific antago-
nist, or P2Y6R- (MRS2578) specific antagonist (mean – SD of
4 independent experiments). Using untreated cells as the
reference group, **P < 0.01 for ATP-pretreatment and ATP +
ARC66096; **P < 0.001 for INS45973; **P < 0.02 for ATP +
MRS2578; *P < 0.05 for ATP + NF340, not significant for
ATP + MRS2279. Using ATP-pretreatment as the reference
group **P < 0.01 for INS45973, *P < 0.05 for ATP + MRS2279,
not significant for the others (assigned value in undifferen-
tiated cells was 1).

FIG. 7. Adenosine receptor stimulation during osteogenic
differentiation of BM-hMSCs. qRT-PCR analysis of mRNA
expression of RUNX2 (RUNX2/GAPDH relative levels) in
undifferentiated (white histograms) (taken as 1) and differen-
tiated cells (light gray and black histograms) at 3 weeks of
differentiation in an osteogenic medium after incubation with
adenosine alone (ado) or in combination with CGS15943, ge-
neric P1 receptor antagonist or PSB1115, A2B-specific receptor
antagonist or both (mean – SD of 4 independent experiments),
using untreated cells as the reference group, **P < 0.01 for
ATP-pretreatment and **P < 0.001 for ado; not significant for
the other conditions; using ado as the reference group
**P < 0.02 for ado + PSB1115; *P < 0.01 for the other conditions
(assigned value in undifferentiated cells was 1).
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the signaling cascades potentially involved. We demon-
strated that ATP stimulated adipogenic differentiation,
mainly acting through specific membrane purinoceptors
such as P2Y1R and P2Y4R subtypes. Conversely, adenosine,
resulting from ATP degradation by CD39 and CD73 ec-
toenzymes expressed on the BM-hMSC membrane, increased
BM-hMSC osteogenic differentiation, by activating the A2B
adenosine-specific receptor subtype.

Extracellular nucleotides are important modulators of
bone cell biology. For example, bone injury induces the in-
crease of extracellular ATP, which in turn acts as an auto-
crine or paracrine regulator of both osteoblast and osteoclast
functions [78]. The differentiation of osteoblasts from their
precursors MSCs is an important component of physiological
bone homeostasis as well as bone repair after injury [82,83].
For this reason, we decide to analyze the molecular pathway
activated by extracellular nucleotides during the MSC dif-
ferentiation process. Of note, in our experiments, the effects
of pretreatment with purines on BM-hMSC differentiation
occur very rapidly (ie, within 24 h) and are maintained up to
3 weeks. Molecular analysis indicated that extracellular pu-
rines contributed to BM-hMSC differentiation at different
levels. In osteogenic conditions, we found a consistent up-
regulation of factors promoting (1) osteogenic cell prolifera-
tion (ie, IL-18), (2) differentiation of preosteoblasts to
osteoblast (ie, CAST), and mostly (3) terminal differentiation
and bone matrix formation (ie, ROR2, SOX4, POSTN, and
STC1). Concurrently, we observed the upregulation of genes
inhibiting adipogenesis during osteogenic differentiation (ie,
ADM). These data highlighted a key role of extracellular
nucleotides during MSC differentiation and not only in al-
ready differentiated bone cells.

Furthermore, in this work, we pointed out the pivotal
function of adenosine in stimulating BM-hMSC osteogenic
differentiation. Indeed, although the pattern of adenosine
receptors has been characterized in human osteoblast pre-
cursors [76], their involvement in lineage-specific differenti-
ation from MSCs has not been described so far.

We found that osteogenic differentiation of BM-hMSCs
was specifically induced by the nucleoside adenosine, rather
than by ATP. Indeed, when ectonucleotidase activity (ie,
CD39 and CD73) was inhibited, the effect of ATP on rising
levels of RUNX2 was abolished. Consistently with our data,
the knockout of the ectonucleotidase CD73 in mice decreases
osteoblast differentiation, resulting in osteopenia [84]. We
also extended to humans a recent report on murine cells
showing that A2BKO mice showed impaired osteogenic
differentiation [77].

We also demonstrated that ATP, in its triphosphate form,
and not adenosine, stimulated adipogenic differentiation.
ATP made BM-hMSCs more sensitive to adipogenic hor-
mones even in proliferating nonconfluent cells (Fig. 3). We
demonstrated that ATP specifically drives BM-hMSCs to-
ward adipogenic differentiation. Furthermore, using selec-
tive receptor agonists and antagonists, we were able to
identify the involvement of specific receptor subtypes, such
as P2Y1R and P2Y4R, although we cannot rule out the in-
volvement of other pathways. We demonstrated that unlike
to what we observed in osteogenic differentiation, inhibition
of CD73 potentiated the effect of ATP. Thus, degradation of
ATP in adenosine switched off the BM-hMSC adipogenic
differentiation. However, as P2Y1R was mainly activated by

nucleotide diphosphates [26], we can speculate that the ac-
tivity of nucleotides on adipogenic differentiation may be
due to the cooperative action of ATP stimulating the P2Y4R
receptor and ADP acting at the P2Y1R.

In this work, 1 mM ATP and 100 mM adenosine were used
in the majority of the experiments as effective concentrations
in potentiating MSC differentiation. High concentrations of
ATP, ranging from 1 to 10 mM, are present in the cytoplasm
of cells, whereas low concentration (1–10 nM) can be found
in the extracellular space. Under pathological conditions,
such as tissue injury, inflammatory reaction, hyperactivity,
and tumor cell growth, ATP is rapidly released by dying
cells, leading to massive increase in extracellular ATP and
rapid formation of adenosine [21,22,85,86]. Also, adenosine
concentrations in cells and tissue fluids are low (30–300 nM),
but they rise substantially in different forms of cellular dis-
tress [21,22,30]. Thus, we mimic the concentrations that can
be reached in the extracellular milieu in pathological condi-
tions, where the regenerative capacity of MSCs is most
needed. Furthermore, in this perspective, ATP- or adenosine-
treatment, at tested concentrations, may serve as priming
agents to modulate adipogenic/osteogenic differentiation for
regenerative medicine applications and/or tissue engineer-
ing purposes.

In conclusion, with the present study, we provide new
insights into molecular regulation of human MSC differen-
tiation.
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