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We studied the PI3K/Akt signaling pathway modulation and its involvement in the stimulation of ROS 17/
2.8 osteoblast-like cell proliferation by extracellular ATP. A dose- and time-dependent increase in Akt-Ser
473 phosphorylation (p-Akt) was observed. p-Akt was increased by ATPcS and UTP, but not by ADPbS.
Akt activation was abolished by PI3K inhibitors and reduced by inhibitors of PI-PLC, Src, calmodulin
(CaM) but not of CaMK. p-Akt was diminished by cell incubation in a Ca2+-free medium but not by the
use of L-type calcium channel blockers. The rise in intracellular Ca2+ induced by ATP was potentiated
in the presence of Ro318220, a PKC inhibitor, and attenuated by the TPA, a known activator of PKC.
ATP-dependent p-Akt was diminished by TPA and augmented by Ro318220 treatment in a Ca2+-contain-
ing but not in a Ca2+-free medium. ATP stimulated the proliferation of both ROS 17/2.8 cells and rat oste-
oblasts through PI3K/Akt. In the primary osteoblasts, ATP induces alkaline phosphatase activity via PI3K,
suggesting that the nucleotide promotes osteoblast differentiation. These results suggest that ATP stim-
ulates osteoblast proliferation through PI-PLC linked-P2Y2 receptors and PI3K/Akt pathway activation
involving Ca2+, CaM and Src. PKC seems to regulate Akt activation through Src and the Ca2+ influx/CaM
pathway.

� 2011 Elsevier Inc. All rights reserved.
Introduction

Purine and pyrimidine nucleotides released from dying cells or
from living cells via several physiological mechanisms have been
shown to regulate bone metabolism through activation of
membrane receptors [1–7]. Nucleotide receptors of the P2
family are subdivided into P2X (P2X1–7) ionotropic and P2Y
(P2Y1,2,4,6,11,12,13,and14) metabotropic sub-classes [4,7–10].
P2Y1, 2, 4, 6, and 11 receptors couple to Gq/11 to activate phosphatidyl-
inositol-specific phospholipase C (PI-PLC)1 with the consequent rise
in inositol trisphosphate (IP3), diacylglycerol (DAG) and intracellular
calcium [8,11,12].

The phosphoinositide 3-kinase (PI3K)/Akt signal transduction
pathway plays an important role in mitogenic signaling, cell sur-
vival, growth and motility [13]. At the plasma membrane, PI3Ks
ll rights reserved.
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catalyze the phosphorylation of phosphoinositides on the 30-OH
(D3) position of the inositol ring to generate 30 phosphorylated
phosphoinositides (3-PIs) as second messengers [14–16]. The 3-
PIs bind to the pleckstrin homology domain-containing proteins
such as Akt in order to activate them [17]. In osteoblasts, the
PI3K/Akt signaling pathway has been involved in growth and sur-
vival [18]. In addition, it has been reported that Akt participates in
IGF-1 stimulated alkaline phosphatase activity in osteoblastic cells
[19]. In this cell type, Akt was also activated by cyclic stretch or
androgen [20,21]. However, the modulation of the PI3K/Akt signal
transduction pathway by extracellular ATP through nucleotide
receptors in osteoblastic cells and its role in proliferation has not
been reported until the present study.

Class I PI3Ks has been subdivided into two classes (IA and IB)
according to their structures and mechanisms of activation. Mem-
bers of class IA PI3Ks comprise heterodimers of one p85a, p55a or
p50a regulatory subunits and one of p110a, p110b or p110d cata-
lytic subunits that are activated upon receptor tyrosine kinase
(RTK)-stimulation [15,16,22]. Class IB PI3K consists of only one
regulatory subunit (p101) that has been shown to interact with
the p110c catalytic subunit [23]. This class is primarily regulated
by small G-proteins such as Ras and by the bc subunits of G pro-
tein-coupled receptors [22,24]. In addition, it has been reported
that p85/p110b PI3K can also be activated by Gbc subunits [14].
It has been reported that P2Y receptors that couple to Gq/11 can
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activate the MAPKs through a pathway that involves PI3K stimula-
tion [25–27]. We have previously reported that P2Y2 receptors are
involved in the stimulation of p38, ERK1/2 and JNK1 MAPK by ATP
in osteoblasts [28]. However, there are no reports investigating the
participation of P2Y receptors in the modulation of PI3K in osteo-
blasts in response to the stimulation by extracellular ATP.

It has been established that Akt is activated by growth factors
and other stimuli, through both PI3K-dependent and independent
mechanisms [29–31]. In the last case, the involvement of calmod-
ulin in Akt regulation after EGF stimulation has been reported [32].
However, the role of calcium and other calcium-dependent pro-
teins such as PKC or CaM in Akt activation in osteoblastic cells is
not clear. In this work, we have obtained evidences on the signal-
ing involved in Akt activation upon G protein-coupled P2Y2 recep-
tor stimulation by ATP. We describe the upstream mediators of Akt
activation and the role of calcium in such activation. In addition,
we demonstrate the participation of the PI3K/Akt signaling path-
way in osteoblastic cell proliferation.
Materials and methods

Materials

ATP, ATPcS, UTP, ADPbS, Wortmannin, neomycin sulfate,
U73122, nifedipine, verapamil, fluphenazine dihydrocloride, tri-
fluoperazine, Ham’s F-12 medium, a-MEM and bovine serum albu-
min (BSA) were from Sigma Chemical Co. (St. Louis, MO, USA).
Ly294002, Ro318220 and KN62 were from Calbiochem (San Diego,
CA, USA). PP2 was from BIOMOL (Plymouth Meeting, PA, USA). Fe-
tal bovine serum (FBS) was from Natocord (Córdoba, Argentina).
CellTiter 96� Aqueous One Solution Cell Proliferation Assay kit
was from Promega (Madison, WI, USA). Monoclonal anti phos-
pho-Akt (Ser473) (1:1000) antibody, monoclonal antibodies recog-
nizing dually phosphorylated ERK 1/2 (Thr202, Tyr204) (1:1500),
polyclonal anti phospho-Src (Tyr416) (1:300) antibody, polyclonal
phospho-SAPK/JNK (Thr183/Tyr185) (1:1000) which detects both
p46 (pJNK1) and p54 (pJNK2) SAPK/JNK dually phosphorylated at
threonine 183 and tyrosine 185; polyclonal SAPK/JNK (1:500)
which recognizes both total JNK1 (46 kDa) and JNK2 (54 kDa) pro-
teins and polyclonal antibody recognizing total ERK1/ERK2
(1:1000) were from Cell Signaling Technology (Beverly, MA,
USA). Polyclonal anti Akt1/2 (H-136) (1:1000) antibody, polyclonal
antibodies recognizing dually phosphorylated p38 (Thr180,
Tyr182) (1:1000), polyclonal antibody against p38alpha (1:1000),
monoclonal anti-c-Src (1:500) antibody, goat anti-mouse
(1:5000) and goat anti-rabbit (1:10000) peroxidase-conjugated
secondary antibodies were from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Protein size markers were from Amersham Biosci-
ences (Piscataway, NJ, USA), Immobilon P (polyvinylidene difluo-
ride) membranes and ECL chemiluminescence detection kits
were from Amersham (Little Chalfont, Buckinghamshire, England).
All other reagents used were of analytical grade.
Cell culture

ROS 17/2.8 osteoblastic cells (rat osteosarcoma-derived) were
provided by Dr. Irina Mathow (Facultad de Farmacia y Bioquímica-
IDEHU, Universidad de Buenos Aires, 1113 Buenos Aires, Argentina).
Cells were seeded at a density of 10,000 cells per cm2 and cultured at
37 �C in Ham’s F-12 medium containing 10% FBS under humidified
air (5.5% CO2). After 48 h, the medium was replaced by FBS-free
medium and the cells were starved for 18–21 h before the
experiments.
Osteoblast isolation

Calvarial osteoblasts were obtained from 5-day-old neonatal
rats. Briefly, calvaria were incubated in PBS containing 4 mM EDTA
at 37 �C for two 10-min periods and the supernatants were dis-
carded. Subsequently, calvaria were rinsed in PBS and subjected
to digestion with 200 U/ml collagenase in PBS for four 15-min peri-
ods. Cells released during the first digestion were discarded and
those released during the subsequent digestions were spun down,
collected and combined after centrifugation during 10 min at
1500 rpm. Then, cells were cultured at 37 �C in a-MEM supple-
mented with 10% FBS, 1% penicillin and streptomycin under
humidified air (5.5% CO2). After 48 h, the cells were starved in 1%
FBS medium for 18–21 h before the experiments.

Western blot analysis

Cells were treated with ATP, ATPcS, UTP or ADPbS in the pres-
ence or the absence of various inhibitors (Ly294002, Wortmannin,
nifedipine, verapamil, neomycin, fluphenazine, trifluoperazine,
KN62, Ro318220, TPA and PP2) when indicated. When the treat-
ment was performed in a Ca2+-free buffer, the medium was re-
placed by buffer C (in mM: 138 NaCl, 5 KCl, 1 MgCl2, 5 glucose,
10 HEPES (pH 7.4) plus 0.5 EGTA) 15 min before cell stimulation.
Treatment of the cells was performed in the cell-metabolic incuba-
tor to minimize cellular stress. Then, cells were washed with PBS
buffer plus 25 mM NaF and 1 mM Na3VO4, and lysed in buffer con-
taining 50 mM Tris HCl (pH 7.4), 150 mM NaCl, 3 mM KCl, 1 mM
EDTA, 1% Tween-20, 1% Nonidet P-40, 20 lg/ml aprotinin, 20 lg/
ml leupeptin, 1 mM phenylmethylsulfonyl fluoride (PMSF),
25 mM NaF and 1 mM Na3VO4. The lysates were incubated on ice
for 10 min, vortexed for 45 s and maintained on ice for another
10 min. After centrifugation at 14,000g and 4 �C during 15 min
the supernatant was collected and proteins were quantified by
the Bradford method [33]. Lysate proteins dissolved in 6� Laemmli
sample buffer were separated (30 lg/lane) on 10% SDS–polyacryl-
amide gels and electrotransferred to PVDF membranes. After
blocking with 5% non-fat milk in TBST buffer (50 mM Tris pH
7.2–7.4, 200 mM NaCl, 0.1% Tween-20), the membranes were incu-
bated 90 min or overnight with the appropriate dilution of primary
antibody in TBST plus 5% BSA. After washing, the membranes were
incubated with the appropriate dilution of horse radish peroxi-
dase-conjugated secondary antibody in TBST plus 1% non-fat milk.
Finally, the blots were developed by ECL with the use of Kodak Bio-
Max Light film and digitalized with a GS-700 Imaging Densitomer
(Bio-Rad, Hercules, CA, USA).

Stripping and reprobing of membranes

The complete removal of primary and secondary antibodies
from the membranes was achieved by incubating the membranes
in stripping buffer (62.5 mM Tris–HCl pH 6.8, 2% SDS and 50 mM
b-mercaptoethanol) at 55 �C for 30 min with agitation. Then, the
membranes were washed for 10 min in TBST (1% Tween-20) and
blocked, as indicated above, for 1 h at room temperature. After
that, the membranes were ready to reprobe with the correspond-
ing antibodies.

Intracellular calcium measurements

Intracellular Ca2+ changes in osteoblastic cells were monitored
by using the Ca2+-sensitive fluorescent dye Fura-2 as previously
described [34]. Cells grown onto glass coverslips were loaded with
1 lM Fura-2/AM in buffer A containing (in mM): 138 NaCl, 5 KCl, 1
MgCl2, 5 glucose, 10 HEPES (pH 7.4), 1.5 CaCl2, and 0.1% bovine ser-
um albumin (BSA), in the dark during 30 min at room temperature



Fig. 1. Dose and time profile of Akt activation in response to ATP in ROS 17/2.8
osteoblast-like cells. Serum-starved (21 h) cells were treated with 1–100 lM ATP
during 5 min (A) or with 10 lM ATP during 1–15 min (B). Subsequently, Western
blot analysis was performed as described in Methods employing an antibody that
recognizes Akt phosphorylated at Ser 473 (pAkt Ser473). Controls using vehicle
instead of ATP are indicated as 0 in the dose-response and C5 (control during 5 min)
in the time-response studies. An antibody directed against the total form (active
plus inactive) of Akt was used as loading control (Akt). The results are represen-
tative of at least three experiments performed independently.
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(20–25 �C). Unloaded dye was washed out and cells were stored in
buffer B (buffer A without BSA and Fura-2/AM) in the dark at room
temperature for 30 min prior to use, to allow the complete intra-
cellular dye deesterification. For fluorescence measurements, the
coverslips containing dye-loaded cells were then mounted on a
chamber and placed on inverted microscope (Nikon Diaphot 200)
and maintained at 25–30 �C. The excitation wavelength was
switched between 340 and 380 nm employing a dual excitation
monochromator from an SLM-Aminco 8100 spectrofluorimeter
connected to the epifluorescence port of the microscope through
an optic fiber. Emitted cellular fluorescence was collected at
510 nm and ratios from 340 to 380 nm signals were obtained, thus
making the measurement independent of variations in cellular dye
content, dye leakage or photobleaching. When the PKC inhibitor
Ro318220 or the PKC activators TPA were used, they were added
to the medium 5–10 min before the measurement. In order to
measure the ATP-dependent mechanical stress activated Ca2+ in-
flux (SAC influx), cells were subjected to mechanical stimulation
by perturbation of the medium during intracellular Ca2+ measure-
ments before and after cell treatment with ATP. Mechanical stim-
ulation was performed by addition of 5 ll of vehicle, a volume
equivalent to the agonist.

Cell Proliferation Assay (MTS)

The number of viable cells in proliferation was determined
employing the commercial CellTiter 96� Aqueous One Solution Cell
Proliferation Assay kit from Promega as we have previously de-
scribed [28]. ROS 17/2.8 cells (1250 cells/well) or rat primary oste-
oblasts (2000 cell/well) were seeded into 96 multiwell plates and
cultured as indicated above. The cells were incubated with
Ly294002 or Wortmannin for 30 min and then were treated with
the indicated agonists in FBS-free medium (ROS 17/2.8 cells) or
in medium containing 1% FBS (rat primary osteoblasts). When
the treatment was finished, the medium containing agonist and
the inhibitors was replaced by medium containing 20 lL MTS (3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium)/100 lL Ham’s F-12. Cells were incu-
bated during 60–90 min at 37 �C (5.5% CO2) and subsequently the
absorbance was measured at 490 nm. Control wells (without cells)
containing the same volumes of culture medium and MTS solution
as in the experimental wells were used to subtract background
absorbance from absorbance values of the samples. The results
were obtained as absorbance per well and expressed as percentage
stimulation with respect to the control.

Alkaline phosphatase activity (ALP)

The ALP activity of cell lysates was determined colorimetrically
using a commercially available kit (Wiener Lab., Rosario, Argen-
tina); this assay uses sodium phenylphosphate as a substrate;
ALP in the presence of methyl propanol amine (pH 10) releases
phenol. The phenol released is combined with a color generating
reagent solution of 4-amino-antipyrine and ferrocyanide and
quantified at 520 nM. Primary osteoblasts were cultured in 6-well
plates (2 � 105 cells/well) in a-MEM supplemented with 10% FBS
for 2 days. Then, the medium was replaced by a-MEM containing
1% FBS, 2 mM b-glycerophosphate, 50 lg/ml ascorbic acid and
10 lM ATP or vehicle (control), in the presence or absence of
10 lM LY294002, with total-medium changes every 2–3 days.
The ALP activity was measured after 0, 3, 7 and 9 days. To assay en-
zyme activity, cell layers were washed and cells harvested in
200 ll PBS using a scraper followed by sonication at 4 �C and cen-
trifugation at 500g. The supernatant was collected and stored at
4 �C until assaying at pH 10 as indicated above. A blank (B) and
standard (S) (200 UI/L phenol) were also processed. Optical density
of de samples (D) was measured and ALP activity was calculated as
follow: ALP (UI/L) = 200UI/Lx (D � B)/(S � B).
Statistical analysis

Statistical significance of data was evaluated using Student’s t-
test and probability values below 0.05 (p < 0.05) were considered
significant. Quantitative data are expressed as means ± standard
deviation (SD) from the indicated set of experiments.
Results

To our knowledge, the modulation of the PI3K/Akt signaling
pathway by extracellular ATP in osteoblastic cells has not been
investigated until the present paper. Although phosphorylation at
Thr 308 partially activates Akt, full activation of Akt requires phos-
phorylation on Ser 473 located in their regulatory tail [35]. This
site-specific phosphorylation of Akt involves the participation of
phosphoinositides dependent kinases 1 and 2 in a PI3K dependent
manner [36]. Therefore, we first investigated the effects of cell
treatment with extracellular ATP on the phosphorylation of Akt
at Ser 473. For this purpose, serum-starved ROS 17/2.8 osteoblastic
cells were treated with different doses of ATP (1–100 lM) during
5 min. Subsequently, Akt-Ser 473 phosphorylation levels were
evaluated by Western blot using a phospho-specific antibody. As
shown in Fig. 1A, maximal Akt activation was observed after cell
treatment with 10–25 lM ATP and remained activated up to
100 lM ATP, although with a slight diminution. When the cells
were treated with 10 lM ATP for different periods of time (1–
15 min), a time-dependent activation of Akt was observed. The
higher levels of Ser 473 phosphorylation were reached after 2.5–
5 min of treatment with ATP (Fig. 1B). These results suggest that
ATP modulates Akt in osteoblastic cells, at least in part in a PI3K-
dependent manner. Furthermore, the involvement of PI3K in Akt
activation induced by ATP was evaluated using Ly294002
(Fig. 2A) and Wortmannin (Fig. 2B), both inhibitors of PI3K. ROS
17/2.8 cells were incubated with 10–50 lM Ly294002 or 100–
200 nM Wortmannin during 30 min prior to ATP treatment
(5 min-10 lM). As shown in Fig. 2, Akt-Ser 473 phosphorylation in-
duced by ATP was blocked by the PI3K inhibitors. This result also
suggests that Akt is activated by extracellular ATP in a PI3K-depen-
dent manner.

To study whether ATP leads to Akt activation through PI-PLC,
cells were incubated with 1–5 mM neomycin (Fig. 3A). This inhib-
itor sequesters phosphatidyl inositol 4,5-bisphosphate (PIP2)



Fig. 2. Participation of PI3K in the activation of Akt induced by ATP in osteoblastic
cells. ROS 17/2.8 cells were preincubated with 10–50 lM Ly294002 (A) or 100–
200 nM Wortmannin (B) during 30 min. Then, the cells were treated with 10 lM
ATP or vehicle for 5 min as indicated. The phosphorylation state of Akt at Ser 473
was evaluated by Western blot. Total Akt antibody was used as loading control. The
results are representative of at least three experiments performed independently.

Fig. 3. Participation of PI-PLC in the activation of Akt induced by ATP in osteoblastic
cells. ROS 17/2.8 cells were incubated in the presence (+) or the absence (�) of 1–
5 mM neomycin (A) or 10 lM U73122 (B) during 15 min. Then, the cells were
treated during 5 min with 10 lM ATP or vehicle as indicated. Akt-Ser 473
phosphorylation levels were then evaluated with the phospho-specific antibody
as in Fig. 1. Total Akt antibody was used as loading control. The results are
representative of at least three experiments performed independently.

Fig. 4. Pharmacological profile of the P2Y receptors involved in the activation of Akt
by ATP in osteoblastic cells. ROS 17/2.8 cells were treated for 5 min with the known
agonists of the P2Y2/P2Y4 receptors: 0.5–50 lM ATPcS (the non-hydrolysable
analogue of ATP) (A) or 10 lM UTP (B) and with the potent agonist of the P2Y1

receptor: 10–100 lM ADPbS (C). Controls using vehicle instead of purinergic
agonists are indicated as (C). Akt-Ser 473 phosphorylation levels were then
evaluated with the phospho-specific antibody as in Fig. 1. Total Akt antibody was
used as loading control. The results are representative of at least three experiments
performed independently.

Fig. 5. Participation of extracellular Ca2+ and L-type voltage dependent (L-VDCC)
calcium influx in the activation of Akt induced by ATP in osteoblast-like cells. ROS
17/2.8 cells were incubated in control medium containing 1.5 mM Ca2+ (Ca2+) or
calcium-free medium containing 0.5 mM EGTA as indicated (A) or in 1.5 mM
calcium medium in the presence (+) or absence (�) of 5 lM nifedipine plus
verapamil, L-VDCC blockers (VDCCI) (B). Then, the cells were stimulated by the
addition of either vehicle or 10 lM ATP (ATP) for 5 min. Cell lysate proteins were
immunoblotted with anti-phospho Akt-Ser473 antibody as in Fig. 1. Total Akt
antibody was used as loading control. Representative immunoblots of three
independent experiments are shown.
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which is substrate for both PLC and PI3K. Thus, the PLC-specific
inhibitor U73122 was also used (Fig. 3B). The use of these inhibi-
tors, reduced the phosphorylation of Akt at Ser 473 induced by
ATP, suggesting that PI-PLC – linked P2Y receptors are involved
in such activation.

In order to evaluate the subtype of P2Y receptor that may par-
ticipate in Akt activation in response to ATP, different purinergic
agonists were tested. Akt phosphorylation increased after 5 min
treatment of osteoblast-like cells with 5–50 lM ATPcS (a nonhy-
drolyzable analogue of ATP) or with 10 lM UTP, both known ago-
nists acting on P2Y2/P2Y4 receptors (Fig. 4A and B, respectively).
ATPcS at lower doses (0.5–1 lM) and ADPbS (10–100 lM), a po-
tent agonist of the P2Y1 receptor, were not able to stimulate Akt
phosphorylation (Fig. 4A and C, respectively). The biological activ-
ity of ADPbS was controlled by using the mouse C2C12 myoblast
cell line, known to express the P2Y1 receptor in culture (data not
shown). These results suggest that the P2Y2 receptor is the main
P2Y receptor subtype involved in Akt stimulation by ATP in osteo-
blast-like cells as the P2Y4 receptor subtype is not detected in these
cells [28].

Some reports have suggested that Ca2+ and calmodulin (CaM)
may be involved in the mechanism of Akt activation [29–31,37].
Hence, we evaluated the participation of extracellular calcium in
the phosphorylation of Akt at Ser 473 by ATP in the ROS 17/2.8 cell
line. Cells were incubated during 15 min in a medium containing
Ca2+ or in a Ca2+-free medium supplemented with 0.5 mM EGTA
prior to the treatment with ATP. The results show that extracellular
calcium participates in Akt activation induced by the purinergic
agonist (Fig. 5A). In addition, the cells were incubated with ATP
in the presence of both nifedipine and verapamil, blockers of L-
voltage-dependent calcium channels. Subsequent Western blot
analysis of pAkt-Ser 473 levels showed that the inhibitors were
not able to impede Akt phosphorylation by ATP (Fig. 5B).



Fig. 6. Involvement of CaM and CAMK family members in the mechanism of
activation of Akt by ATP in osteoblast-like cells. ROS 17/2.8 cells were preincubated
during 10 min in the presence (+) or absence (�) of 50–100 lM fluphenazine or
trifluoperazine (A) or 10 lM KN62 (B) followed by treatment with 10 lM ATP (ATP)
or vehicle during 5 min. The levels of Akt-Ser473 phosphorylation were then
measured with a phospho-specific antibody as in Fig. 1. Total Akt antibody was used
as loading control. Representative immunoblots of at least three independent
experiments are shown.

Fig. 8. Modulation of [Ca2+]i levels by PKC as a mechanism that leads to Akt
regulation. Fura-2-loaded ROS 17/2.8 cells were incubated in 1.5 mM Ca2+ buffer
with (+) or without (control) 1 lM Ro318220 or 50 nM TPA and subsequently were
stimulated with 10 lM ATP or vehicle (V) as indicated by the arrows. [Ca2+]i was
measured as described in Methods. ATP-dependent mechanical stress-activated
Ca2+ influx (SAC) was induced by the addition of vehicle (V) after the purinergic
stimulation (the first ‘‘V’’ corresponds to the control). Time traces representative of
at least five independent experiments, each performed onto no less than 40–50 cells
are shown (A). ROS 17/2.8 cells were preincubated during 10 min in the presence
(+) or absence (�) of 50–100 nM TPA (B), 1 lM Ro318220 (C) or VDCCI (D) in a
calcium-containing medium (Ca2+) or a free-calcium medium supplemented with
0.5 mM EGTA (EGTA) as indicated. Then, they were treated with 10 lM ATP (ATP) or
vehicle during 5 min. The levels of Akt-Ser473 (B and C) or Src-Tyr416 (D)
phosphorylation were then measured with phospho-specific antibodies. Total Akt
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Then, we studied the involvement of CaM and CaMK (Ca2+/
CaM-dependent kinase) family members in the stimulation of
Akt induced by ATP. The cells were preincubated with
50–100 lM fluphenazine or trifluoperazine, antagonists of CaM,
or with 10 lM KN62, a blocker of Ca2+/CaM activation of members
of the CaMK cascade [38–40]. Fig. 6A and B show that phosphory-
lation of Akt by ATP was inhibited by both fluphenazine and
trifluoperazine but not by compound KN62, suggesting the partic-
ipation of CaM but not of CaMK family members in the mechanism
of Akt activation by the purinergic agonist.

There is evidence that tyrosine phosphorylation may play a role
in Akt regulation [35]. In order to evaluate if members of Src tyro-
sine kinases are involved in the mechanism of activation of Akt by
ATP, cells were preincubated with 25–50 lM PP2, an inhibitor of
Src, and the phosphorylation of Akt at Ser 473 was evaluated by
Western blot (Fig. 7A). The results suggest that Src participates in
the mechanism of Akt activation in response to ATP. We have pre-
viously showed that stimulation of Src (Tyr416) phosphorylation
by ATP in ROS17/2.8 cells was blocked by Ro318220, a PKC inhib-
itor, showing that PKC is an upstream mediator in the modulation
of this protein [34]. On this basis, it would be expected that PKC
inhibition leads to a reduction in Akt (Ser473) phosphorylation in
response to the purinergic agonist. However, when the cells were
treated with 100 nM Ro318220 there was not inhibition of Akt-
Ser 473 phosphorylation. On the contrary, the use of high doses
Fig. 7. Participation of Src and PKC in the mechanism of Akt activation by ATP in
osteoblast-like cells. ROS 17/2.8 cells were preincubated during 15 min in the
presence (+) or absence (�) of 25–50 lM PP2 (A) or 0.1–1 lM Ro318220 (B)
followed by treatment with 10 lM ATP (ATP) or vehicle during 5 min. The
phosphorylation state of Akt at Ser 473 was evaluated by Western blot. Total Akt
antibody was used as loading control. Representative immunoblots of at least three
separated experiments are shown.

or Src antibodies were used as loading controls. Representative immunoblots of at
least three independent experiments are shown.
of the inhibitor (200 nM and 1 lM) led to an increment in Ser473
phosphorylation by ATP, suggesting that PKC could inhibit Akt acti-
vation in a way that predominates over PKC/Src modulation
(Fig. 7B). Regarding this contention, we have previously reported
that P2Y2 receptor stimulation by ATP increased [Ca2+]i through
cation release from intracellular stores and sensitizes mechanical
stress activated calcium channels leading to calcium influx (SAC in-
flux) [34]. These increments in [Ca2+]i induced by ATP were higher
in the presence of 200 nM Ro318220 than in control cells. In addi-
tion, the phorbol ester TPA, a known activator of PKC, attenuated
the release of Ca2+ induced by ATP and strongly reduced the ATP-
dependent SAC influx (Fig. 8A). In keeping with these results, to
characterize the mechanism of PKC modulation of Akt, cells were
incubated with TPA or Ro318220 in a free- or calcium-containing
medium as indicated. The Western blot shows that Akt (Ser473)
phosphorylation induced by ATP was suppressed by TPA (Fig. 8B)
and reduced by Ro318220 in the absence of extracellular calcium



Table 1
Induction of alkaline phosphatase (ALP) activity in osteoblasts by ATP and its
suppression by a PI3K inhibitor. ALP activity was measured in rat primary osteoblasts
after 0, 3, 7 and 9 days of treatment with 10 lM ATP or vehicle (control) in the
absence or presence of PI3K inhibitor LY294002 as indicated in Methods. Values (IU/L)
are the average ± SD of two independent experiments performed in triplicate.
⁄p < 0.02, ⁄⁄p < 0.01.

Days �LY294002 +LY294002

Control 10 lM ATP Control 10 lM ATP

0 15.1 ± 0.002 15.2 ± 0.002 nd nd
3 133.65 ± 14.79 142.22 ± 16.33 nd nd
7 298.56 ± 53.88 397.76 ± 17.96⁄⁄ 285.88 ± 8.32 270.01 ± 9.15
9 151.37 ± 19.36 211.16 ± 25.28⁄ nd nd
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(Fig. 8C). As shown in Fig. 8D, incubation of cells in a free-calcium
medium or in a medium containing VDCCI did not influence Src
(Tyr416) phosphorylation, showing that it is independent on cal-
cium influx. Altogether, these data suggest that PKC may regulate
Akt activation through an extracellular calcium-dependent mecha-
nism in addition to the PKC/Src pathway.

We have previously demonstrated by [3H]-thymidine incorpo-
ration and MTS assays that ATP stimulates ROS 17/2.8 osteoblast-
like cells proliferation [28]. In the present study, we evaluated the
involvement of the PI3K/Akt pathway in this proliferative action of
ATP. ROS 17/2.8 cells were incubated in a serum free-medium in
the presence or absence of 10 lM Ly294002 or 100 nM Wortman-
nin and then treated for 24 h with 10 lM ATPcS, the nonhydrolyz-
able analogue of ATP. In addition rat primary osteoblasts were
incubated in a-MEM containing 1% FBS in the presence or absence
of 10 lM Ly294002 and then treated for 24, 48 and 72 h with
10 lM ATP or UTP. Subsequently, cell proliferation was evaluated
using the MTS assay as described in Methods. Fig. 9A and B shows
that purinergic activation stimulated ROS 17/2.8 cells and primary
osteoblast proliferation above the control. Moreover, cell prolifera-
tion was inhibited in the presence of PI3K inhibitors (Fig. 9A and C).
This result suggests that the PI3K/Akt pathway is involved in the
proliferative effects of the purinergic agonists in osteoblasts.

As shown in Table 1, treatment of rat primary osteoblasts with
10 lM ATP stimulated 33–39% alkaline phosphatase (ALP) activity
at days 7 and 9. This effect was abolished in the presence of the
Fig. 9. Participation of the PI3K/Akt pathway in osteoblastic cell proliferation induced by
without 10 lM Ly294002 or 100 nM Wortmannin were treated with 10 lM ATP, ATPcS,
evaluated by the MTS assay as described in Methods. The results are expressed as percen
⁄⁄⁄p < 0.001.
PI3K inhibitor Ly294002 suggesting a role of purinergic signaling
through the PI3K/Akt pathway in modulation of osteoblast
maturation.

We have previously showed that ATP activates p38, ERK1/2 and
JNK1 MAPKs in rat osteoblasts [28,34]. In addition, it has been re-
ported that PI3K can regulate the activity of MAPKs [26,41]. Then,
the involvement of the PI3K/Akt pathway in MAPK stimulation in-
duced by ATP was studied. As shown in Fig. 10, PI3K inhibitors
Ly294002 and Wortmannin did not affect ATP-dependent p38,
ERK1/2 and JNK1 MAPK phosphorylation, suggesting that the mito-
genic action of ATP in osteoblastic cells is mediated through the di-
rect activation of the PI3K/Akt pathway.
ATP. ROS 17/2.8 cells (A) or rat primary osteoblasts (B and C) preincubated with or
UTP or vehicle (Control) during the indicated times. Then, cellular proliferation was
tage stimulation with respect to the control (mean ± S.D) (n = 4) ⁄p < 0.05, ⁄⁄p < 0.02,



Fig. 10. ROS 17/2.8 cells were incubated with 10–50 lM Ly294002 or 100–200 nM
Wortmannin during 30 min. After that, the cells were treated with 10 lM ATP or
vehicle for 5 min as indicated. The phosphorylation state of ERK1/2, p38 and JNK
MAPKs was evaluated by Western blot. p38a Antibody was used as loading control.
The results are representative of at least three experiments performed
independently.
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Discussion

The present manuscript describes for the first time up-regula-
tion of the PI3K/Akt signal transduction pathway by extracellular
ATP in osteoblastic cells and demonstrates its participation in stim-
ulation of cell proliferation by the purinergic agonist. In this work
we suggest that stimulation of G protein-coupled P2Y2 receptor
activates Akt in a PI3K-dependent manner involving PKC, Src and
Ca2+/CaM. For G protein-coupled receptors (GPCRs), conflicting
data indicate that these receptors exert diverse effects on the activ-
ity of class I PI3Ks and Akt in a cell type-specific manner and by a
yet not fully elucidated mechanism. Available evidence indicates
that GPCRs activate Akt by a pathway distinct from that utilized
by growth factor receptors, as it involves the tyrosine phosphory-
lation-independent activation of PI3Kb by G protein bc dimmers
[42,43]. It has been reported that G(q/11)-coupled receptors can
mediate mitogenic signaling by promoting PI3K stimulation, acting
through Gbc subunits [44]. In addition, Gaq/Ca2+-dependent
activation of the PI3K pathway has also been reported [45]. In
agreement with this, the use of neomycin and U73122 to inhibit
PI-PLC suggests that P2Y receptors that couple to Gaq activate
the PI3K/Akt pathway in osteoblastic cells. In contrast with the
results of our study, it has been reported that activation of Gq-
coupled receptors inhibits PI3K signaling by direct binding of
Gaq-GTP to some isoforms of PI3K [46].

The PI3K products function to tag cytosolic, inactive Akt to-
gether with phosphatidylinositol-dependent kinases 1 and 2
(PDK1/2) to the plasma membrane, thereby initiating Akt activa-
tion by phosphorylating its Thr308 and Ser473 respectively [47].
The fact that Ly294002 and Wortmannin, pharmacological inhibi-
tors of the class I PI3Ks [48], abolished the ATP-induced Akt-Ser
473 phosphorylation in osteoblastic cells indicates that a PI3K-
dependent mechanism is involved in Akt activation. Similarly, in
mouse embryonic stem cells, ATP phosphorylated Akt in a time-
dependent manner via the P2 purinoceptors [49]. Akt-Ser 473
phosphorylation in ROS 17/2.8 cells was increased after cell treat-
ment with ATP, ATPcS and UTP, a pharmacological profile that is
consistent with the activation of the P2Y2/4 receptor subfamily
[8,50]. However, molecular evidence on the expression of P2Y2

but not of P2Y4 receptor subtype was obtained in ROS 17/2.8 cells
[28], suggesting that the P2Y2 receptor subtype is involved in Akt
activation by ATP in these cells.
It has been reported that p85 is substrate of Src family tyrosine
kinases which relieves the inhibitory activity of p85 on p110
[25,51–54]. In addition, several recent reports that have described
the possible role of tyrosine phosphorylation in Akt regulation [55–
57] indicate that two tyrosine residues located within the catalytic
domain of Akt, Tyr315 and Tyr326, are phosphorylated following
receptor activation and are required for its activity. Another report
identified Tyr474 as a possible site of phosphorylation in response
to insulin and pervanadate which is required for full activation of
Akt. The role of this residue in Akt activation seems to depend on
Thr308 phosphorylation by PDK1 [55]. Our results suggest that
Src family kinases participate in the full activation of Akt, since a
reduction in Ser 473 phosphorylation was observed in the presence
of PP2, an inhibitor of Src kinases. Since Ser 473 phosphorylation is
dependent on PI3K activity, this result suggests that Src contrib-
utes to Akt activation by relieving p110 catalytic subunit from
the inhibition exerted by p85. However, we could not rule out a di-
rect involvement of Src in Akt phosphorylation that may contribute
to its full activation after P2Y stimulation.

It has been reported that activation of CaM by Ca2+ influx can
contribute to the activation of PI3K/Akt pathway. This mechanism
involves Ca2+ influx and Ca2+/CaM association with the 85 kDa reg-
ulatory subunit of PI3K [37]. In addition, a PI3K-independent
mechanism of Akt activation involves Ca2+ influx, CaM (which
interacts with Akt mediating their translocation to the plasma
membrane) and CaM kinase kinase (CaMKK) that directly phos-
phorylates Akt [29–31]. Our results show that Akt activation after
cell stimulation with ATP depends on calcium influx through cal-
cium-permeable channels that are different from VDCC. The iden-
tity of such channels remains to be elucidated. It has been reported
that Ca2+ influx is involved in the P2X7 receptor-mediated phos-
phorylation of Akt in astrocytes [58]. That study suggests that
the contribution of P2X7 receptors to the phosphorylation of Akt
is low as compared to other P2X and P2Y receptors. In addition,
stimulation of P2X receptors was achieved by using a high dose
of ATP (100 lM). Although in the present study we employed a
low ATP concentration (10 lM), we could not rule out the partici-
pation of P2X channels in Akt activation in osteoblastic cells. Dan-
ciu et al. [20] suggest that cyclic stretch activates the PI3K/Akt
pathway with the contribution of calcium influx in osteoblasts.
As described above, the prime candidate calcium-dependent pro-
tein in mediating PI3K/Akt activation is CaM, which can associate
with the 85 kDa regulatory subunit of PI3K or directly with Akt
[29,37]. Consistent with this, our experiments suggest that there
is a calcium-dependent mechanism involved in Akt activation with
the participation of CaM. The family of CAMK seems not to partic-
ipate in the modulation of Akt.

Few previous reports have shown that PKCs mediate Akt activa-
tion [59,60]. Other studies have suggested that specific isoforms of
PKC negatively regulate Akt in different cell types [61,62], and that
PKC inhibitors enhance Akt Ser473/Thr308 phosphorylation in
breast cancer cells and keratinocytes [62,63]. In agreement with
this, the results of the present study show that in osteoblastic cells
increasing doses of the PKC inhibitor Ro318220 enhanced Akt-
Ser473 phosphorylation induced by ATP, suggesting that PKC
may negatively regulate Akt in response to ATP in ROS17/2.8 cells.
This effect may be due to the inhibitory action of PKC on [Ca2+]i,
which could be mediated by desensitization of P2Y2 receptors
and/or by inhibition of calcium channels [64,65]. Therefore, a
greater contribution of the Ca2+/CaM-dependent mechanism to
Akt phosphorylation after PKC inhibition would be expected. These
data suggest that PKC could regulate the phosphorylation of Akt by
activating their downstream mediator Src and through modulation
of calcium influx/CaM activation. The identification of the PKC iso-
form/s involved in the regulation of Akt activation will be the aim
of future studies.
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The observation that increased levels of 3-phosphorylated
phosphoinositides have been found in transformed and/or mito-
gen-stimulated cells involves PI3K in oncogenic and mitogenic sig-
nal transduction [14,66]. Our findings show that the PI3K/Akt
pathway is involved in cell proliferation induced by extracellular
ATP in both ROS 17/2.8 cells and rat osteoblasts. Our data also
show increased ALP activity after stimulation by ATP, suggesting
that ATP promotes osteoblast differentiation. In agreement with
these results, in the human osteoblastic cell line HOBIT, ATP has
been shown to activate Runx2, a transcription factor essential in
controlling osteoblast differentiation [67]. In addition, we obtained
preliminary results by flow cytometry using propidium iodide
which suggest that ATP induces an increment in the S phase of
the cell cycle which was abolished by the use of PI3K inhibitor
Ly294002 (data not given). Consistent with this observation, it
has been reported that ATP stimulates mouse embryonic stem cell
proliferation through PKC, PI3K/Akt, and MAPKs via the P2 purino-
ceptors [49]. Also, stimulation of purinergic receptors in U138-MG
cells leads to cell proliferation mediated by PI3K/Akt, ERK and PKC
signaling [68]. Differently, in ROS17/2.8 cells we found that ERK1/
2, p38 and JNK1 MAPKs activation induced by ATP was indepen-
dent of the PI3K pathway. Furthermore, our results are in agree-
ment with those suggesting that in rat osteoblasts, LY294002-
mediated inhibition of PI3K activity triggered growth inhibition.
In addition, the osteoblastic dysfunction stimulated by LY294002
was accompanied by inactivation of Akt. These data suggested that
the PI3K/Akt pathway is involved in the growth and survival of rat
osteoblasts [18]. In addition, it has been reported that osteoblastic
cell stimulation by growth factors such as IGF-1 and PDGF,
mechanical stress or androgens induce activation of Akt, stimulat-
ing cellular proliferation [20,21,69]. Classically, Akt activation has
been implicated in preventing cells from undergoing apoptosis
with the consequent increment in cell survival. Based on this
assumption, Akt may contribute to the mitogenic actions of ATP
by the activation of anti-apoptotic mechanisms. However, we have
previously demonstrated that the process of apoptosis was not in-
duced in ROS 17/2.8 cells under the same experimental conditions
assayed here [28]. The effect of ATP in cells induced to undergo
apoptosis should be then evaluated in future studies.

Altogether, our results suggest that Akt is modulated by ATP
through G protein-coupled P2Y2 receptors in a PI3K-dependent
manner which involves the participation of Ca2+, CaM and Src ki-
nases. PKC seems to up-regulate Akt through the activation of Src
and the inhibition of Ca2+ influx/CaM. The proliferative effect of
ATP involves the participation of the PI3K/Akt pathway in rat
osteoblasts.
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