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Tecnologie Biomediche, Università degli Studi di Udine, P.le Kolbe 1, 33100 Udine, Italy

Extracellular nucleotides exert an important role in controlling
cell physiology by activating intracellular signalling cascades.
Osteoblast HOBIT cells express P2Y1 and P2Y2 G-protein-
coupled receptors, and respond to extracellular ATP by increasing
cytosolic calcium concentrations. Early growth response protein 1
(Egr-1) is a C2H2-zinc-finger-containing transcriptional regulator
responsible for the activation of several genes involved in the
control of cell proliferation and apoptosis, and is thought to have
a central role in osteoblast biology. We show that ATP treatment of
HOBIT cells increases Egr-1 protein levels and binding activity

via a mechanism involving a Ca2+-independent protein kinase
C isoform. Moreover, hypotonic stress and increased medium
turbulence, by inducing ATP release, result in a similar effect on
Egr-1. Increased levels of Egr-1 protein expression and activity are
achieved at very early times after stimulation (5 min), possibly
accounting for a rapid way for changing the osteoblast gene-
expression profile. A target gene for Egr-1 that is fundamental in
osteoblast physiology, COL1A2, is up-regulated by ATP stimu-
lation of HOBIT cells in a timescale that is compatible with that
of Egr-1 activation.

INTRODUCTION

Extracellular nucleotides, such as ATP, exert stimulatory effects
on eukaryotic cells via the P2 family of membrane-bound
receptors [1–3]. Specific targets for nucleotides include P2Y
(G-protein-coupled) and P2X (ion-channel) receptors [4]. Upon
P2 receptor binding, extracellular ATP potentiates the mitogenic
action of several growth factors in a variety of cell types [5,6]
through the control of transcriptional activators, such as c-Fos [7].
When applied exogenously to cultured osteoblasts, ATP exerts a
mitogenic action [8] and inhibits bone formation [9]; moreover,
it synergizes with parathyroid hormone in stimulating c-fos gene
expression [10].

Several cell types release ATP in response to mechanical stress
or biological activation [11–13]; the peculiar mechanical sen-
sitivity of the process has been recently highlighted by the finding
that ATP release occurs in many cell types during standard
experimental conditions [14]. Release of ATP and activation of
P2Y receptors has been implicated as a gap-junction-independent
mechanism for transducing waves of intracellular Ca2+ signals
[15,16], and ATP can be released from osteoblasts into the
local bone microenvironment via a non-lytic mechanism [7,17].
Although the possibility that locally released ATP could modulate
bone-cell gene expression has been suggested [18], the actual
effects and the molecular mechanisms involved have not been
defined.

The early growth response protein 1 (Egr-1; also named
NGFIA, TIS8, Krox-24 and Zif-268) is a member of the
immediate-early transcription factors that are rapidly and
transiently induced by growth factors and other signals. Several
of its target genes are involved in the control of cell responses to
changes in extracellular environment [19,20], and in the complex
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protein 1; EMSA, electrophoretic mobility shift assay; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PKC, protein kinase C; RT, reverse
transcription.
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molecular processes leading to proliferation and/or differentiation
(for a review, see [21]). Egr-1 contains a zinc-finger DNA-
binding domain, which activates regulatory elements containing
the sequence GCGGGGGCG. Such a sequence is present in a
large number of genes involved in the control of cell growth and/
or differentiation, such as the thymidine kinase gene [22], the
collagen α2(I) gene [20,23], the tumour necrosis factor-α (‘TNF-
α’) gene, those of the platelet-derived growth factor (‘PDGF’)-A,
epidermal growth factor (‘EGF’) and insulin-like growth factor
(‘IGF’) receptors, and the Egr-1 transcription factor itself [21],
together with genes involved in the apoptotic process, such as
those for Fas and Fas ligand [24]. Given its expression pattern
during bone development, Egr-1 has been proposed to have a
role in the biology of bone remodelling [25]. Moreover, the
leading role played by Egr-1 in osteoblast physiology has also
been shown by studies on redox-mediated transforming growth
factor (‘TGF’)-β1 effects [26].

In the present paper, we show that ATP is capable of inducing
both the expression and the activity of Egr-1 in the human
differentiated osteoblastic cell line HOBIT. These effects are
dependent upon the recruitment of a Ca2+-independent protein
kinase C (PKC) isoform. Notably, also mechanical stress leads
to Egr-1 activation via ATP release, followed by paracrine
stimulation of P2Y receptors. Interestingly, an Egr-1 target gene,
collagen α2(I), is up-regulated after ATP administration. Our
results point to ATP as a soluble factor responsible for Egr-1
activation in osteoblasts.

EXPERIMENTAL

Oligodeoxynucleotide synthesis and purification

Oligodeoxynucleotides were purchased from MWG-Biotech.
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Cell culture and materials

HOBIT cells were kindly provided by Professor B. Lawrence
Riggs (Mayo Foundation, Rochester, MN, U.S.A.). ROS 17/2.8
cells were kindly provided by Professor R. Civitelli (Washington
University School of Medicine, St Louis, MO, U.S.A.). SaOS-2
and MG-63 cells were kindly provided by Dr M. L. Sartori
(Department of Clinical and Biological Science, University of
Turin, Italy). Cells were grown in Dulbecco’s minimal essential
medium supplemented with 10 % (v/v) foetal calf serum, 2 mM
L-glutamine and penicillin/streptomycin sulphate, and cultured at
37 ◦C in a humidified atmosphere containing 5 % CO2. As the
cultured cells approached confluence, they were subcultured at
1:8 splits. For the present study, cells were employed in passage
number 4–9. Cell stimulation was performed on confluent cells.
At 1 h before ATP stimulation, the medium was replaced by fresh
medium containing the same concentrations of foetal calf serum,
antibiotics and glutamine. ATP was gently mixed into a small
volume of medium and subsequently added to the side of the
well. The procedures for mechanical stimulation of the cells are
described below. For fluorescence experiments, cells were plated
on to glass coverslips.

All the chemicals described below were from Sigma–Aldrich
(St Louis, MO, U.S.A.).

Nuclear extract preparation

Cell nuclear extracts were prepared as described previously [27].
Briefly, 107 cells were washed once with PBS and resuspended
in 100 µl of hypotonic lysis buffer A [10 mM Hepes/NaOH
(pH 7.9)/10 mM KCl/0.1 mM MgCl2/0.1 mM EDTA/2 µg/ml
leupeptin/2 µg/ml pepstatin/0.5 mM PMSF]. After 10 min, cells
were homogenized by 10 strokes with a loose-fitting Dounce
homogenizer. Nuclei were collected by centrifugation at 500 g
and at 4 ◦C for 5 min in a microcentrifuge. The supernatant ob-
tained after this centrifugation step was considered to be the cyto-
plasmic fraction. Nuclei were then washed 3 times with the same
volumes of buffer A in order to minimize cytoplasmic contami-
nation of the nuclear fraction. Nuclear proteins were extracted
with 100 µl of buffer B [10 mM Hepes/NaOH (pH 7.9)/400 mM
NaCl/1.5 mM MgCl2/0.1 mM EDTA/2 µg/ml leupeptin/2 µg/ml
pepstatin/0.5 mM PMSF]. After incubating for 30 min at 4 ◦C,
samples were centrifuged at 12 000 g for 20 min at 4 ◦C. Nuclear
extracts were then analysed for protein content [28] and stored at
− 80 ◦C in aliquots.

Western blot analysis

The indicated amounts of nuclear extracts, obtained from HOBIT
cells incubated under different conditions, were electrophoresed
on to an SDS/10 % polyacrylamide gel. Proteins were then
transferred on to nitrocellulose membranes (Schleicher and
Schuell, Keene, NH, U.S.A.). After transfer, membranes were
saturated by an overnight incubation at 4 ◦C with 10 % (w/v)
non-fat dried milk in PBS/0.1% (v/v) Tween 20, and then
incubated with the polyclonal anti-Egr-1 antibody from Santa
Cruz Biotechnology (sc-110) for 3 h. After three washes with
PBS/0.1% Tween-20, membranes were incubated with an anti-
rabbit immunoglobulin coupled with horseradish peroxidase
(Sigma). After a 60 min incubation at room temperature, the
membranes were washed several times with PBS/0.1% Tween 20,
and the blots were developed using the ECL R© chemiluminescence
procedure (Amersham Pharmacia Biotech, Milan, Italy). Nor-
malizations were performed using a polyclonal anti-actin antibody

(Sigma). Blots were quantified by using a Gel Doc 2000 video-
densitometer (Bio-Rad Laboratories).

Electrophoretic shift assay (EMSA) analysis

Double-stranded oligodeoxynucleotides, labelled at the 5′ end
with [32P]Pi, were used as probes in gel-retardation assays. The
specific Egr-1 consensus binding site, here named egr-1BS oligo-
nucleotide, is a 30-mer whose upper strand is 5′-GGATCCAGCG-
GGGGCGAGCGGGGGCGAACG-3′. The mutant Egr-1 binding
site that was used for competitions, here named egr-1MS oligo-
nucleotide, is a 30-mer whose upper strand is 5′-GGATCCA-
GCGGGtaCGAGCGGGtaCGAACG-3′ (the mutated nucleotides
are shown underlined). Both the wild-type and mutant oligo-
nucleotides were from Geneka Biotechnology Inc. (Montreal,
Canada). The specific AP-1 binding site, here named ap-1BS
oligonucleotide, is a 21-mer, the upper strand of which is 5′-
CGCTTGATGAGTCAGCCGGAA-3′. The gel-retardation assay
was performed by incubating protein and DNA in a buffer
containing 20 mM Tris/HCl, pH 7.6, 75 mM KCl, 0.25 µg/ml
BSA with calf-thymus DNA (25 µg/ml) (as described in the
Figure legends) and 10 % glycerol for 30 min at room tem-
perature. Protein-bound DNA and free DNA were separated on a
native 5 % polyacrylamide gel run in 0.5 × TBE buffer (where
1 × TBE = 45 mM Tris/45 mM borate/1 mM EDTA) for 1.5 h at
4 ◦C. The gel was dried and then exposed to an X-ray film at
− 80 ◦C. EMSA signals were quantified by using the Gel Doc
2000 videodensitometer system from Bio-Rad.

Mechanical stimulation of cells

Measurements were performed on confluent cells. Before
analysis, cells were washed once with PBS: the medium was
gently aspirated without tilting the plate, and PBS was gently
added to the side of the well. PBS was then aspirated, and a
modified Krebs solution containing 25 mM Hepes/NaOH buffer,
pH 7.4, 125 mM NaCl, 5 mM KCl, 1 mM MgSO4, 1.2 mM
KH2PO4, 2 mM CaCl2 and 10 mM glucose, with an osmolarity
of 305 mOsM, was added as a standard extracellular solution.
Particular care was taken to minimize mechanical perturbation of
cells during these procedures. A medium displacement method
was used as a mechanical stimulus of HOBIT cells [17].
For ATP-release measurements, one-half of the volume of the
bathing medium was gently pipetted up and down twice with a
micropipette. For hypotonic stress, the hypotonic solution was
obtained by decreasing the concentration of NaCl to 80 mM,
resulting in a solution of 215 mOsM.

Reverse transcription (RT)-PCR analysis

Total RNA was purified from HOBIT cells using the SV Total
RNA Isolation System from Promega, according to the manu-
facturer’s protocol. RT-PCR was performed with 1 µg of total
RNA as the template. COL1A2 and control glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) mRNAs were reverse-
transcribed using a 20-mer oligo(dT), and then were amplified
using the specific primers: COL1A2 forward (5′-TGGGAGT-
GCAAGGATACTCTATATCG-3′) and COL1A2 reverse (5′-CC-
CATCCCATCTTCGACGTAC-3′) [23], giving an amplified
product of 320 bp; GAPDH forward (5′-TCTAGACGCCAGG-
TCAGGTCCACC-3) and GAPDH reverse (5′-CCACCCA-
TGGCAAATTCCATGGCA-3′), giving an amplified product of
598 bp [29]; and EGR-1 forward (5′-TCCCGGCTCCTCGA-
CCTAC-3′) and EGR-1 reverse (5′-AAGGTTGCTGTCATG-
TCCGAAAG-3′), giving an amplified product of 176 bp [30].
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The amplified products were resolved on a 1.5 % (w/v) ag-
arose gel.

Ca2+ imaging

HOBIT cells grown on to coverslips were loaded at 37 ◦C with
fura-2 AM (5 µM), dissolved in 20 % (w/v) Pluronic (Molecular
Probes, Eugene, OR, U.S.A.) (1:2 dilution), and added to the
culture medium. After 60 min, the loading solution was removed
and the cells were washed 3 times with a solution containing
(in mM): NaCl 125, KCl 5, MgSO4 1, KH2PO4 0.7, CaCl2 2,
glucose 6, Hepes/NaOH buffer 25, pH 7.4. Videomicroscopy
and Ca2+ measurements were performed at 37 ◦C. The digital
fluorescence-imaging microscopy system is built around a Zeiss
inverted Axiovert 100 TV microscope (Carl Zeiss Jena, Jena,
Germany). Cells were excited at 340 and 380 nm by a modified
Jasco CAM-230 dual-wavelength microfluorimeter. Fluorescence
images collected through a Zeiss oil immersion 40 X 1.8 NA
objective were captured by a low-light-level CCD (charge-
coupled-device) camera (Hamamatsu Photonics, Tokyo, Japan),
and fed into a digital-image processor developed in the laboratory.
Video frames were then digitized, integrated and processed off-
line to convert fluorescence data into calcium maps (using the
340/380 nm excitation-wavelength-ratio method). Stimulations
were performed under a continuous fluid flow of 3 ml/min. The
inflow pipette was placed in the proximity (200–300 µm) of
the stimulated cell (same focal plane), and an outflow port was
positioned 1 mm from the stimulated cell, along the direction of
the flow.

Luciferin–luciferase bioluminescence assay

The extracellular ATP concentration was determined using a
kit from Molecular Probes. During the analysis, 50 µl of the
luciferin–luciferase assay medium [1 mM luciferin/2.5 µg/ml
luciferase/25 mM Tricine buffer (pH 7.8)/5 mM MgSO4/0.1 mM
EDTA/2 mM dithiothreitol] was added to 50 µl of the sample in
the cuvette. The resulting light signal was immediately measured
by a LB 9501 Lumat luminometer (Berthold GmbH, Bad Wildbad,
Germany). A calibration curve was generated for each luciferase
assay using serial dilution of an ATP standard. All reagents used
to stimulate cells were tested in control experiments.

Statistical analysis

All statistical analyses were performed using either the Microsoft
Excel data analysis program for Student’s t test analysis or the
statistical analysis program for ANOVA with the Scheffè multiple
comparison test. P < 0.05 was considered statistically significant.

RESULTS

The HOBIT cell line, derived from normal adult human osteo-
blastic cells, retains most of the osteoblastic differentiation
markers [31]. HOBIT cells respond to extracellular ATP (1–
100 µM) with a biphasic increase in the cytosolic Ca2+ concen-
tration [16,17].

A certain level of heterogeneity was observed in terms of cell
sensitivity to the nucleotide (results not shown): a maximal dose
of 100 µM was usually required for inducing calcium transients
in 100% of the cells. The initial transient, originating from
Ca2+ release from intracellular stores, is normally followed by
a decline to a plateau level, due to influx of the ion from the

extracellular medium. Thapsigargin, an inhibitor of intracellular
Ca2+ pumps that induces depletion of intracellular calcium stores,
totally abolished the ATP-induced Ca2+ rise, suggesting that the
nucleotide activates P2Y receptors and thereby ruling out a major
involvement of P2X receptors in the cells’ response (P. D’Andrea,
unpublished work).

It has been shown previously that osteoblasts express variable
levels of different purinergic receptors of the P2Y family.
Similarly, HOBIT cells express P2Y1 and P2Y2 receptor genes, as
assayed by RT-PCR analysis performed on cDNAs derived from
this cell line (results not shown).

Induction of Egr-1 protein activity and expression following P2
receptor stimulation

It has been demonstrated that ATP stimulation of osteoblasts leads
to nuclear signalling with the activation of the c-fos proto-
oncogene [32]. The protein product of the c-fos gene constitutes,
together with the product of the c-jun gene, the heterodimer
named AP-1, which belongs to the early-activated transcription
factors involved in the control of several processes leading to cell
proliferation [33]. Another protein belonging to the early-
activated transcription factors is Egr-1. In order to test whether
the ATP-induced signalling cascade has a role in Egr-1 stimu-
lation, a time-course experiment was performed on HOBIT cells
treated with 100 µM ATP. Extracellular ATP is very rapidly
degraded by ectonucleotidases present in the cell-culture medium,
and therefore it must act at very early times upon cell treatment.
To evaluate the timing of induction of Egr-1 protein, the time-
course experiment was performed during the first 30 min after
ATP treatment. At the end of the incubation, cells were collected,
and nuclear extracts were tested for DNA-binding activity of
Egr-1. The results shown in Figure 1(A) demonstrate that a
3–4-fold activation occurs after stimulation. A competition
experiment performed with a molar excess of the unlabelled
specific probe (Egr-1BS), a mutated binding site (Egr-1MS) or
a nuclear factor κB (‘NF-κB’) binding site clearly demonstrated
the specificity of the retarded complex (results not shown). Egr-1
activation can occur either because of an increased DNA-binding
activity of the pre-existing protein or as a result of increased
protein synthesis. In order to test whether the increase in Egr-1
DNA-binding activity was linked to an increase in protein levels,
we performed a Western blot analysis on the nuclear samples used
in the EMSA assays. As shown in Figure 1(B), ATP treatment
promotes an increase in Egr-1 expression levels, showing that
maximal induction of Egr-1 (2–3-fold over the basal level)
occurred as early as 5 min after treatment, and remained at an
elevated level for the duration of the experiment. The time-
scale for the up-regulation of the protein levels correlates well
with the activation observed in EMSA experiments, suggesting
a protein neosynthesis-dependent process is involved in regu-
lating the DNA-binding activity of Egr-1. Similar effects were also
seen with lower doses of ATP (1 and 10 µM; results not shown)
strengthening the biological relevance of the phenomenon.

In order to ascertain whether the observed effects of ATP are
a general phenomenon important for osteoblast physiology, we
performed the ATP stimulation on three other osteoblast cell
lines. The human SaOS-2 (ATCC number CRL-1427) and MG-63
(ATCC number HTB-85) cell lines and ROS17/2.8 cells, a rat
osteosarcoma cell line [34], were treated for 30 min with 100 µM
ATP, after which nuclear extracts were assayed for Egr-1 DNA-
binding activity. Results shown in Figure 1(C) show that both
SaOS-2 and MG-63 cell lines responded to ATP treatment in
terms of Egr-1 DNA-binding activation, whereas the ROS 17/2.8
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Figure 1 Stimulation of the activity and expression of the Egr-1 transcription factor at very early time-points by ATP treatment of HOBIT cells

(A) HOBIT cells were treated for the indicated times with 100 µM ATP. Then, cells were collected and lysed to obtain nuclear extracts that were subsequently used for EMSA analysis with the
32P-labelled specific oligonucleotide called egr-1BS (see the Experimental section). From each nuclear extract, 5 µg was incubated with 200 fmol of labelled probe in the presence of 500 ng of
calf-thymus DNA as a non-specific competitor for 30 min at room temperature, before analysis by native 5 % PAGE. After drying, the gel was exposed overnight at − 80 ◦C for autoradiography.
(B) Left panel: Western blot (WB) analysis of Egr-1 expression levels of samples used in EMSA assays. Nuclear extracts (15 µg) from HOBIT cells were separated on to a SDS/10 % polyacrylamide
gels, blotted on to nitrocellulose membranes and assayed for the presence of Egr-1 protein by using the polyclonal anti-(Egr-1 protein) from Santa Cruz. Actin was measured as a loading control
by using the anti-actin polyclonal antibody from Sigma. Right panel: values obtained from densitometric analysis of Western blot experiments, (normalized as compared with actin) are shown as
histograms. Bars indicate the means +− S.D. for three independent experiments. The asterisks (*) indicate a significant difference between ATP-treated and the control (P < 0.05), as assessed by
Student’s t test for paired values. (C) Representative EMSA analysis (left panel) of Egr-1 DNA-binding activity performed by samples obtained from three different osteoblast cell lines before (−) and
after (+) stimulation with 100 µM ATP for 30 min. Each nuclear extract (10 µg) was incubated with 200 fmol of labelled probe in the presence of 500 ng of calf-thymus DNA as a specific competitor
for 30 min at room temperature, and then analysed by native 5 % PAGE. In order to test for the integrity of the nuclear extracts used, the DNA-binding activity of AP-1 was also assayed by using
the 32P-labelled specific oligonucleotide called ap-1BS, containing the AP-1 consensus binding site [49]. After drying, the gel was exposed overnight at − 80 ◦C for autoradiography. Right panel:
values obtained from densitometric analysis of three independent experiments are shown as histograms. Columns and bars indicate means +− S.D. respectively for three independent experiments.

Figure 2 ATP-induced Ca2+ responses: effects of BAPTA-AM and PKC down-regulation

HOBIT cells loaded with fura-2 AM were analysed by digital video imaging; experiments were performed under continuous cell perfusion. (A) In the first part of the experiment, cells are challenged
with ATP (100 µM) in the presence of 2 mM extracellular Ca2+. In the second part, cells were pre-incubated with BAPTA-AM (20 µM, 1 h) and then stimulated with the same concentration of ATP.
(B) Cells were incubated overnight (o/n) with PMA (50 ng/ml) and challenged with ATP (100 µM).
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Figure 3 Activation of Egr-1 expression is dependent on PKC

(A) Left panel: in order to abolish the activity of PKC, HOBIT cells were pre-treated overnight with 50 ng/ml PMA. To diminish the effects of Ca2+ signals, cells were treated with the intracellular
Ca2+ chelator BAPTA-AM (20 µM) for 1 h. Thereafter, cells were treated for 30 min with 100 µM ATP. Then, cells were collected and lysed to obtain nuclear extracts that were subsequently used
for Western blot and EMSA analysis. Nuclear extracts (15 µg) from HOBIT cells were separated on to SDS/10 % polyacrylamide gels, blotted on to nitrocellulose membranes and assayed for the
presence of Egr-1 protein by using the polyclonal anti-Egr-1 protein from Santa Cruz. Actin was measured, as a loading control, using the anti-actin polyclonal antibody from Sigma. Right panel:
values obtained from densitometric analysis of three independent experiments (normalized versus actin) are shown as histograms. Columns and bars represent means +− S.D. respectively for three
independent experiments (statistical analysis by ANOVA; *P < 0.05). (B) Upper panel: the same samples used in Western blotting were assayed for DNA-binding activity by Egr-1 with EMSA
analysis with the 32P-labelled specific egr-1BS oligonucleotide (see the Experimental section). Nuclear extracts (5 µg) were incubated with 200 fmol of labelled probe in the presence of 500 ng
of calf-thymus DNA as a non-specific competitor for 30 min at room temperature, and then analysed by native 5 % PAGE. Lane 1 represents the labelled oligonucleotide alone. After drying, the
gel was exposed overnight at − 80 ◦C for autoradiography. Lower panel: values obtained from densitometric analysis of three independent experiments are shown as histograms. Columns and
bars indicate means +− S.D. respectively for three independent experiments (statistical analysis by ANOVA; *P < 0.05). (C) Left panel: PKCδ isoform is responsible for the ATP-induced activation
of Egr-1. In order to abolish the activity of PKCδ isoform, HOBIT cells were pre-treated for 30 min with 10 µM rottlerin. As a control for PKC involvement in Egr-1 stimulation, pre-treatment with
10 µM bis-indolylmaleimide I as a specific PKC inhibitor [50] was also performed. Thereafter, cells were treated for 30 min with 100 µM ATP. Then, cells were collected and lysed to obtain nuclear
extracts that were subsequently used for EMSA analysis with the 32P-labelled specific egr-1BS oligonucleotide (see the Experimental section). Nuclear extracts (5 µg) were incubated with 200 fmol
of labelled probe in the presence of 500 ng of calf-thymus DNA as a non-specific competitor for 30 min at room temperature, and then analysed by native 5 % PAGE. Lane 1 represents the labelled
oligonucleotide alone. After drying, the gel was exposed overnight at − 80 ◦C for autoradiography. Right panel: values obtained from densitometric analysis of three independent experiments are
shown as histograms. Columns and bars indicate means +− S.D. respectively for three independent experiments (statistical analysis by ANOVA; *P < 0.05).

cells did not display any detectable response. This observation
is of particular interest, and strengthens the importance of the
role of P2Y receptors in the ATP-induced Egr-1 activation. In
fact, as demonstrated previously by Jorgensen et al. [35], ROS
17/2.8 cells do not express P2Y receptors and do not respond, in

terms of intracellular calcium changes, to ATP stimulation. It is
noteworthy that, differently from all the osteoblast cell lines tested
in the present study, ROS 17/2.8 cells do not show any detectable
basal Egr-1 DNA-binding activity, even at higher concentrations
of nuclear extracts (results not shown). As a control for the
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quality of the nuclear extracts tested, the activity of the AP-1
transcription factor was assayed, and these results are also shown
in Figure 1(C).

Activation of Egr-1 expression is dependent on a Ca2+-insensitive
PKC isoform

Activation of P2Y receptors leads to a simultaneous increase in
concentration of two important second messengers, Ca2+ ions
and 1,2-diacylglycerol, a physiological activator of PKC. Both
Ca2+-dependent and PKC-dependent pathways could stimulate
Egr-1 synthesis and activity. PMA, a phorbol ester mimicking
the structure of 1,2-diacylglycerol, is known to activate PKC
in the short-term and to down-regulate it after long exposures
[36]. Moreover, PMA is also known to activate Egr-1 in different
cellular contexts, and we have observed previously that acute
PMA treatment of HOBIT cells increases Egr-1 DNA-binding
activity and expression levels (results not shown), suggesting
that PKC could have a major role in Egr-1 activation in these
cells. Interestingly, the importance of PKC activity in controlling
Egr-1 expression after mechanical stress has been described in
endothelial cells [37].

In order to investigate the signals responsible for ATP-
induced Egr-1 up-regulation, and their possible interplay, we
selectively inhibited either the Ca2+ signal or PKC. In calcium-
imaging experiments on fura-2-loaded HOBIT cells, incubation
with the intracellular Ca2+ chelator bis-(o-aminophenoxy)ethane-
N,N,N′,N′-tetra-acetic acid tetrakis(acetoxymethyl ester) (BAPTA-
AM; 20 µM for 1 h) totally prevented the ATP-induced response,
indicating that this non-toxic concentration of the chelator effi-
ciently buffered the Ca2+ rise (Figure 2A, n = 3). Lower BAPTA-
AM concentrations (1–10 µM) failed to completely prevent
the Ca2+ transient (results not shown). To investigate PKC
involvement, we down-regulated the enzyme by treating the cells
overnight with 50 ng/ml PMA [36]. The treatment did not affect
the ATP-induced response (Figure 2B, n = 3), thus ruling out a
major involvement of PKC in the Ca2+ rise. We next tested Egr-1
expression and activity in nuclear extracts obtained from cells of
the same experiments. As shown in Figures 3(A) and 3(B), an
overnight pre-treatment of HOBIT cells with PMA completely
abolished the ATP-mediated activation of Egr-1 expression.
Moreover, also the increase in the DNA-binding activity of Egr-1
is diminished after PMA treatment. Similar results were obtained
with the PKC inhibitor bis-indolylmaleimide (Figure 3C, lane 5),
suggesting that the ATP-mediated induction of Egr-1 in HOBIT
cells is PKC-dependent. In contrast, treatment of cells with the
intracellular Ca2+ chelator (BAPTA-AM) did not prevent the ATP-
mediated Egr-1 induction, suggesting that the activation of one
or more Ca2+-insensitive PKC isoforms are necessarily required
for Egr-1 stimulation. Indeed, specific transcripts for PKCδ and
PKCε, as well as for PKCα, were detected by RT-PCR (results
not shown).

In order to provide more information on which PKC isoforms
are involved in the Egr-1 activation, a specific inhibitor of PKCδ
activity, rottlerin, was used at a dose specific for the inhibition
of this PKC isoform [38]. A 30 min pre-treatment of HOBIT
cells with 10 µM rottlerin was performed before ATP stimulation.
As shown in Figure 3(C), rottlerin completely prevented the
activation of Egr-1 DNA binding, strongly suggesting a crucial
involvement of the δ isoform in ATP-induced Egr-1 activation.

Mechanical stress induces Egr-1 activation via ATP release

Oscillatory fluid flow induces ATP release from different osteo-
blastic cell lines [39]. In the absence of a suitable device for

Figure 4 Effect of mechanical stimuli on ATP release and cytosolic Ca2+

(A) ATP was evaluated in the extracellular medium of confluent HOBIT cells with a luciferin–
luciferase bioluminescent assay. Release was measured 10 min after application of the solutions.
Basal release (KRH) represents the amount of ATP measured in the medium of the cells maintained
undisturbed in isotonic solution. Hypotonic stress (HYPO) was induced by applying an equal
volume of hypotonic solution (see the Experimental section). Medium displacement (MD)
was obtained by gently pipetting half the volume of the bathing medium up and down (see
the Experimental section). Apyrase treatment (MD + apy) was performed by incubating the
extracellular medium after medium displacement with 3 units/ml apyrase for 10 min at room
temperature. The data represent the means +− S.D. from four different experiments performed
in triplicate. Statistical analysis was done by ANOVA among all groups (P < 0.05). (B) Ca2+-
imaging recordings from HOBIT cells loaded with fura-2 AM. Experiments were performed
under continuous cell perfusion. Perfusion of isotonic KRH did not induce any Ca2+ response.
Perfusion with ATP (100 µM) induced a biphasic Ca2+ transient. Perfusion with hypotonic
solution induced Ca2+ transients of the same entity (HYPO). The medium displaced from
parallel confluent HOBIT cultures was collected and split into two equal amounts. The two
aliquots were added either with 3 units/ml apyrase or with an equal volume of buffer, and stored
for 10 min at room temperature. Perfusion of cell with untreated medium (MD) induced Ca2+

transients. Perfusion of fura-2 loaded cells with the medium incubated with apyrase (MD + apy)
induced a slight increase of intracellular Ca2+ compared with the Ca2+ transient induced by
untreated medium.

generating controlled fluid flow, we have demonstrated previously
that HOBIT cells release ATP under basal conditions, and in
response to hypotonic stress and displacement of the medium [17].
We therefore investigated here the effects of these stimulations
on ATP release, Ca2+ signalling and Egr-1 activation. Extracellular
ATP was measured in the extracellular medium of the cells by
using a sensitive luciferin–luciferase assay. To induce hypotonic
stress, we incubated the cells for 10 min in a hypotonic medium
(see the Experimental section). Although hypotonic stress does
not correspond to a particular mechanical stress loaded on to the
osteoblasts in vivo, hypotonic cell swelling is known to generate
a stress on the cell membrane and, due to its reproducibility,
has been extensively employed to study the effects of mechanical
stress in other important mechanosensors, such as endothelial cells
(see [40,41], and references therein). In HOBIT cells, hypotonic
stress activates ATP release 2-fold compared with untreated cells
(Figure 4A). As an alternative method to induce mechanical stress,
we employed the so-called ‘medium displacement’ method (see
the Experimental section), which has been employed successfully
to evoke non-lytic nucleotide release from different cell types
[12,17]. The efficacy of this method is probably related to an
increase in bath turbulence, responsible for ATP release during
standard experimental procedures [14]. Medium displacement
increased the amount of ATP released by 4-fold compared with
unstimulated cells (Figure 4A). Incubation of the same medium
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Figure 5 Induction of Egr-1 activation through ATP release by mechanical stress

HOBIT cells were mechanically stressed, as indicated in the Experimental section and in the legend to the previous Figure, and collected after 10 min to prepare nuclear extracts. Then, nuclear extracts
were used for Western blot and EMSA analysis. (A) Upper panel: 15 µg of nuclear extracts from HOBIT cells was separated on to an SDS/10 % polyacrylamide gel, blotted on to nitrocellulose
membranes and assayed for the presence of Egr-1 protein by using the polyclonal anti-Egr-1 protein from Santa Cruz. Actin was measured, as loading control, by using the anti-actin polyclonal
antibody from Sigma. Lower panel: values obtained from densitometric analysis of three independent experiments (normalized versus actin) are shown as histograms. Columns and bars indicate
means +− S.D. respectively for three independent experiments. (statistical analysis by ANOVA; *P < 0.05). (B) Upper panel: the same samples used in Western blotting were assayed for DNA-binding
activity by Egr-1 by EMSA analysis with the 32P-labelled specific egr-1BS oligonucleotide (see the Experimental section). Nuclear extract (5 µg) was incubated with 200 fmol of labelled probe in the
presence of 500 ng of calf-thymus DNA as a non-specific competitor for 30 min at room temperature, and then analysed by native 5 % PAGE. After drying, the gel was exposed overnight at − 80 ◦C
for autoradiography. Lower panel: values obtained from densitometric analysis of three independent experiments are shown as histograms. Columns and bars indicate means +− S.D. respectively for
three independent experiments (statistical analysis by ANOVA; *P < 0.05).

with 3 units/ml ATP/ADPase apyrase (for 10 min at room tem-
perature) completely abolished the bioluminescence signal.

The ATP concentration near to the cell-membrane surface can
be higher than that measured in the bulk phase, as demonstrated
previously by Beigi et al. [42]. To verify whether the amount of
ATP released by hypotonic stress or by medium displacement
was sufficient to stimulate P2Y receptors, we performed calcium-
imaging experiments on fura-2-loaded HOBIT cells. Perfusion
and solution exchange of isotonic medium did not induce any
changes in the cytosolic calcium concentration (n = 5; Figure 4B).
On the other hand, hypotonic solution promptly elicited Ca2+

transients in 71% of the cells examined (n = 9; Figure 4B).
Similarly to those evoked by ATP (100 µM; Figure 4B, n = 185),
transients were followed by a sustained Ca2+ plateau, which
returned to basal levels as cells were reperfused with the isotonic
solution. Cell perfusion with the medium displaced collected from
parallel cultures evoked cytosolic Ca2+ increases in 72% of the
cells (n = 7; Figure 4B). To examine whether the Ca2+ signal was
evoked by ATP, we treated an aliquot of this medium with 3 units/
ml apyrase for 10 min. Cell perfusion with apyrase-treated
medium induced only a slight increase in cytosolic Ca2+ [70%
of the cells examined (n = 3); Figure 4B]. Taken together, these
results demonstrated that the amount of ATP released by both
hypotonic swelling and medium displacement is sufficient for
activating P2Y receptors through an autocrine/paracrine loop.

In order to test whether these mechanical manipulations exert a
role at the transcriptional level by triggering Egr-1 activation,
HOBIT cells were stimulated either by hypotonic stress or

by medium displacement. After 10 min stimulation, nuclear
extracts were prepared and Western blot analysis was performed
(Figure 5). Similarly to what we observed after direct admin-
istration of ATP, both hypotonic shock or medium displacement
lead to an increase in Egr-1 protein levels. Moreover, pre-
treatment of the cells with apyrase abolishes Egr-1 activation,
suggesting that ATP is the mediator responsible for the Egr-1
activation following hypotonic stress and medium displacement.

Expression of the α2(I)collagen gene after ATP treatment of HOBIT
cells, and its correlation with Egr-1 activity

Type I collagen is the most abundant collagen in the bone matrix
and is deposited by osteoblasts. It is composed of two identical
α1(I) chains and one α2(I) chain. There is a potential Egr-1
recognition sequence conserved in the 5′ flanking region of the
rat and human α2(I) collagen genes [43], and its transcription can
be regulated by Egr-1 in osteoblasts [20]. In an initial attempt
to verify whether the activation of Egr-1 by ATP could affect
the expression of an important phenotypic marker, we tested
by RT-PCR the expression levels of the α2(I) chain of type I
collagen. After treatment of HOBIT cells for the indicated times
with 100 µM ATP, cells were collected and RNA was prepared
as described in the Experimental section. Semi-quantitative ana-
lysis by RT-PCR was then performed on the different samples with
the specific primers for the α2(I) chain of type I collagen [23], and
with primers for GAPDH as a control. As shown in Figure 6(A),
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Figure 6 Induction of expression of α2(I)collagen gene in HOBIT cells by ATP treatment

(A) HOBIT cells were treated for the indicated times with 100 µM ATP. Then, cells were collected and RNA was prepared as described in the Experimental section. Left panel: semi-quantitative
RT-PCR analysis was then performed on the COL1A2 gene, giving a specific amplified product of 320 bp [23], and on the EGR-1 gene giving a specific amplified product of 176 bp [30]. GAPDH was
always evaluated for normalization [29]. The control reactions contained H2O (lane 1) or no cDNA (lane 2). Right panel: values obtained from densitometric analysis of three independent RT-PCR
experiments, normalized as compared with the housekeeping GAPDH gene, are shown as histograms. Columns and bars indicate means +− S.D. respectively for three independent experiments.
*, significant difference of ATP-treated as compared with control (P < 0.05; Student’s t test for paired values). (B) Left panel: Western blot analysis of Egr-1 expression levels of samples used in
RT-PCR experiments. Nuclear extracts (15 µg) from HOBIT cells were separated on to SDS/10 % polyacrylamide gels, blotted on to nitrocellulose membranes and assayed for the presence of Egr-1
protein by using the polyclonal anti-Egr-1 protein from Santa Cruz. Actin was measured, as loading control, by using the anti-actin polyclonal antibody from Sigma. Right panel: values obtained
from densitometric analysis of three independent experiments (normalized versus actin) are shown as histograms. Columns and bars indicate means +− S.D. respectively for three independent
experiments. *, significant difference between ATP-treated and control (P < 0.05; Student’s t test for paired values) (C) EMSA analysis of Egr-1 DNA-binding activity performed by samples used
in Western blot assays. Nuclear extracts (5 µg) were incubated with 200 fmol of labelled probe in the presence of 500 ng of calf-thymus DNA as a non-specific competitor for 30 min at room
temperature, and then analysed by native 5 % PAGE. After drying, the gel was exposed overnight at − 80 ◦C for autoradiography.

a time-dependent up-regulation of the α2(I) chain of type I
collagen gene expression is induced by treatment of the cells
with ATP. Interestingly, the time-scale of the increase in α2(I)
chain collagen and Egr-1 transcripts parallels the increase in
Egr-1 protein (Figure 6B) and DNA-binding activity (Figure 6C).

DISCUSSION

The present study was designed to investigate whether the acti-
vation of P2 receptors by extracellular nucleotides is involved
in the regulation of signal-transduction mechanisms leading
to Egr-1 activation. The results demonstrate that extracellular
ATP stimulates a PKC-dependent pathway, ultimately leading
to the activation of the transcription factor Egr-1. Interestingly,
mechanically induced ATP release appears to activate the same
pathways, thus suggesting an important role for these extracellular
mediators in controlling signal transduction and gene expression.
Moreover, the finding that the P2Y−/− ROS 17/2.8 cells lack basal
Egr-1 DNA binding activity suggests that purinergic receptors are

required for maintaining a basal level of Egr-1 activity, and is in
agreement with the findings of Ostrom et al. [14], indicating that
the cellular response to ATP is a key determinant of the set-point
of signal-transduction pathways.

The activation of P2Y purinoreceptors by extracellular ATP is
followed by the recruitment of PKC and intracellular Ca2+ release.
However, Egr-1 stimulation by ATP resulted in a Ca2+-insensitive
response, ruling out a major involvement of the Ca2+-dependent
forms of PKC. The PKC family of proteins comprises several
isoenzymes, divided into three groups according to their structure,
cofactor requirements and cellular distribution [44]. The lack of
dependence on cytosolic Ca2+ and the inhibitory effect of rottlerin
on Egr-1 activation strongly suggests a crucial involvement of
PKCδ.

The preliminary evidence that the collagen α2(I) gene is
rapidly activated upon ATP stimulation suggests a causal relation-
ship between Egr-1 activation and osteoblast gene expression
(Figure 7). Accordingly, the effects of ATP stimulation on the
expression of osteoblastic phenotypic markers are currently under
investigation. Egr-1 has been involved in the transcriptional
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Figure 7 Model of the ATP-induced activation of Egr-1

Mechanical stress increases extracellular ATP which, in turn, stimulates COL1A2 gene transcription via G-protein-coupled P2Y receptors and subsequent PKCδ and Egr-1-dependent signalling
pathways. Signalling involving additional pathways is denoted by question marks.

regulation of the α2(I) collagen gene in osteoblasts [20,45], and
PKCδ has been demonstrated recently to participate in the control
of collagen gene expression in fibroblasts [46]. Taken together,
these results suggest a central role for a PKC-mediated signal-
transduction pathway in controlling the expression of the collagen
gene in different cellular models.

The limiting step in ATP-induced cellular responses is the avail-
ability of sufficient concentrations of the nucleotide in the micro-
environment surrounding the cells. ATP can be released from
necrotic and apoptotic cells at sites of tissue injury, wounding or
fracture, thereby reaching high local concentrations to activate P2
receptors. Nevertheless, nucleotides must exist transiently in the
bone fluids without cell damage to be physiologically relevant
regulators of bone remodelling. It is becoming increasingly
evident that ATP release has a role in autocrine and paracrine
stimulation of many cell types, including osteoblasts [16,39,47].
Mechanical stimulation in the forms of shear stress, membrane
stretch or hypo-osmotic swelling stimulates ATP release from
different cell types [11,48], and oscillatory fluid flow induces
ATP release from different osteoblastic cell lines [39]. Mechano-
sensitivity has a major role in regulating the specialized function
of different tissues, including bone. However, it is not well ascer-
tained how physical forces are linked to cellular gene expression,
i.e. whether they act directly on the cytoskeletal structure,
influencing transcriptional control at the nuclear level, or by
means of soluble factor(s). Our results, focused on the role
of extracellular ATP in controlling Egr-1 activity, suggest a
role for this soluble released factor in determining this kind of
control (Figure 7). Since the Egr-1 transcription factor and P2
receptors are widely expressed, and ATP release occurs in many
cell types [12–14], our results imply that such a cell-signalling
mechanism is largely widespread. Accordingly, when the present

manuscript was in preparation, Gerasimovskaya et al. [47] clearly
demonstrated that extracellular nucleotides have a role in Egr-1
stimulation in a fibroblast cell model. This kind of activation can
be employed to transmit a local stimulus to neighbouring cells,
thus amplifying and co-ordinating tissue responses. Owing to
its fast kinetics of activation following ATP stimulation, Egr-1
appears to be an ideal candidate in controlling osteoblast sensing
of environmental stimuli.
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