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Abstract Several purine receptors have been localised on
skeletal muscle membranes. Previous data support the
hypothesis that extracellular guanosine 5′-triphosphate
(GTP) is an important regulatory factor in the development
and function of muscle tissue. We have previously
described specific extracellular binding sites for GTP on
the plasma membrane of mouse skeletal muscle (C2C12)
cells. Extracellular GTP induces an increase in intracellular
Ca2+ concentrations that results in membrane hyperpolar-

isation through Ca2+-activated K+ channels, as has been
demonstrated by patch-clamp experiments. This GTP-
evoked increase in intracellular Ca2+ is due to release of
Ca2+ from intracellular inositol-1,4,5-trisphosphate-sensitive
stores. This enhances the expression of themyosin heavy chain
in these C2C12 myoblasts and commits them to fuse into
multinucleated myotubes, probably via a phosphoinositide-3-
kinase-dependent signal-transduction mechanism. To define
the signalling of extracellular GTP as an enhancer or
modulator of myogenesis, we investigated whether the
gene-expression profile of differentiated C2C12 cells (4
and 24 h in culture) is affected by extracellular GTP. To
investigate the nuclear activity and target genes modu-
lated by GTP, transcriptional profile analysis and real-
time PCR were used. We demonstrate that in the early
stages of differentiation, GTP up-regulates genes involved in
different pathways associated with myogenic processes,
including cytoskeleton structure, the respiratory chain,
myogenesis, chromatin reorganisation, cell adhesion, and
the Jak/Stat pathway, and down-regulates the mitogen-
activated protein kinase pathway. GTP also increases the
expression of three genes involved in myogenesis,
Pp3ca, Gsk3b, and Pax7. Our data suggests that in the
myogenic C2C12 cell line, extracellular GTP acts as a
differentiative factor in the induction and sustaining of
myogenesis.
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Abbreviations
BSA Bovine serum albumin
[Ca2+]i Intracellular calcium ion concentration
DM Standard differentiating medium
GTP Guanosine 5′-triphosphate
MRFs Myogenic regulatory factors
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MyHC Myosin heavy chain
SM Synthetic differentiating medium
RB2 Reactive blue 2

Introduction

Myogenesis is a highly ordered process that can be
subdivided into a sequence of transiently separable
events: proliferation of myoblasts, irreversible cell-
cycle withdrawal, cell fusion to form myotubes, and
maturation of these myotubes into various classes of
myofibres. Successful myogenic differentiation requires
numerous interactions between diverse cellular processes,
including growth factors, hormones, receptors, transcription
factors, kinases, and histone deacetylases [1–7]. These
processes are controlled by muscle-specific transcriptional
regulators that determine cell fate and differentiation, and by
external signals that couple myogenesis to development and
growth of the organism [4, 8, 9]. At the molecular level,
myogenic determination and activation of muscle-specific
gene expression involve the association of skeletal-muscle-
specific helix-loop-helix myogenic regulatory factors
(MRFs) with the MEF2 family of MADS-box myocyte-
enhancer binding factors [10, 11].

MEF2 factors cannot activate muscle-specific gene
expression themselves, but rather, they potentiate the
myogenic activities of MRFs. MRFs include MyoD,
Myf5, myogenin, and MRF4, and the MRF proteins can
act as transactivators of muscle-specific genes by binding to
a conserved consensus sequence that is termed the Ebox,
which is located in the regulatory region of several muscle-
specific genes. Recently, it was suggested that MRFs recruit
chromatin-remodelling proteins to activate gene expression.

The transcriptional activities of MRFs can be negatively
regulated by a family of inhibitors of DNA binding, the
Id1-4 proteins. It is also of note that expression of MRFs in
several non-myogenic cell lines is sufficient to induce
myogenic differentiation [12–14]. Nevertheless, the specific
role of different MRFs in skeletal muscle differentiation has
not yet been completely defined, essentially due to the
existence of auto-regulatory and cross-regulatory loops
between the MRFs [15]. In particular, MRF4 appears to
be involved in the last stages of differentiation, probably
during myofibrillogenesis [13, 16–19], and/or it is
expressed both in the early stages of myogenesis, and later
during muscle development and in adult muscle tissue [20].
However, the potential for myoblasts to proliferate or to
switch into a differentiation pathway is regulated by the
balance of positive and negative cell-cycle regulators [21].

It appears that MRFs have a role only when the negative
regulators of muscle differentiation are inactivated.
Withdrawal from the cell cycle requires expression of

cyclin-dependent kinase inhibitors [22, 23], which leads to
fusion and maturation of multinucleate myotubes. This
process is associated with the expression of late differen-
tiation markers, such as myosin heavy and light chains,
muscle creatine kinase, and the cholinergic receptor, which
are among the downstream targets of MRFs and MEF2
family factors. All of these findings discussed above have
been confirmed in recent studies performed using gene-
expression analysis, which revealed groups of gene
products that are directly involved in cell-cycle withdrawal,
muscle differentiation, and apoptosis, and that are
differentially expressed during myoblast differentiation
[24, 25].

GTP might be an important regulatory factor for
development, function, and myogenesis of muscle tissue.
The present study was performed using C2C12 cells, a
well-characterised model of murine skeletal muscle cells.
Undifferentiated mononucleate C2C12 cells (myoblasts)
proliferate in the presence of 20% foetal bovine serum, with
a doubling time of about 12 h. When near to confluency,
myoblasts can be committed to fuse and differentiate within
24–48 h, forming multinucleated myotubes in the presence
of starvation medium. Our previous studies have shown
that with C2C12 cells, extracellular GTP binds to specific,
P2Y-receptor-like sites [26]. This induces an increase in
intracellular calcium ion concentration ([Ca2+]i), which, in
turn, causes membrane hyperpolarisation through the
activation of K+ channels [27]. In C2C12 cells, effective
concentrations of extracellular GTP provoke an increase in
[Ca2+]i due to Ca2+ release from intracellular inositol-1,4,5-
trisphosphate-sensitive stores. This enhances the expression
of MyHC in C2C12 myoblasts, which are then committed
to fuse into multinucleated myotubes [27], probably via a
phosphoinositide-3-kinase-dependent signal-transduction
mechanism [28].

Extracellular GTP has been shown to modulate the
development of isometric twitch tension in frog muscle
fibres. Moreover, extracellular purines affect the behaviour
of Paramecium tetraurelia and Tetrahymena thermophila,
inducing backwards swimming. As these studies only hint
at the mechanisms of GTP-induced signal-transduction
pathways, we used high-density oligonucleotide arrays
and real-time PCR to investigate transcriptional changes
that occur during the early stages of differentiation in
C2C12 cells.

To obtain a “snapshot” of the gene expression patterns
associated with GTP exposure, we analysed the transcrip-
tional profiles of cells after 4 and 24 h of incubation with
500 μM GTP, using two different experimental set-ups:

1. C2C12 myoblasts committed to differentiation by
incubation in normal differentiation medium (DM)
containing 2% horse serum.
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2. C2C12 myoblasts committed to differentiation by
incubation in synthetic differentiation medium (SM)
containing 1% bovine serum albumin (BSA).

We demonstrate here that in the early stages of
differentiation, GTP up-regulates genes involved in differ-
ent pathways associated with myogenic processes: cyto-
skeleton structure, the respiratory chain, myogenesis,
chromatin reorganisation, cell adhesion, and the Jak/Stat
pathway. In contrast, GTP down-regulates the mitogen-
activated protein kinase (MAPK) pathway.

Materials and methods

Cell culture

C2C12 cells (CRL 1772; American Type Culture
Collection, Rockville, MD, USA) were cultured as expo-
nentially growing myoblasts in growth medium (GM):
Dulbecco's modified Eagle's medium (DMEM; Euroclone,
Pero, Italy) containing 20% foetal bovine serum
(Euroclone), 4 mM L-glutamine (Euroclone) and
100 IU ml−1 penicillin and 100 μg ml−1 streptomycin
(Euroclone). The cells were seeded into 100-mm diameter
Petri dishes at a density of 1,500–2,000 cells cm−2 in GM
and subcultured by standard trypsinisation every 3 days.
After 2 days in GM, differentiation was induced using one
of two differentiation media: (1) DM, as DMEM containing
2% horse serum (Euroclone), and L-glutamine and anti-
biotics as for GM; and (2) SM, as DMEM containing 1%
(w/v) BSA (Sigma-Aldrich, Milan, Italy), and L-glutamine
and antibiotics as for GM.

For the differentiation, the C2C12 cells were plated in 100-
mm diameter Petri dishes at a density of 2,500 cells cm−2 and
grown for 48 h in GM. Differentiation was induced by
replacing the medium with DM or SM, and the cells were
stimulated (as indicated) by addition of 500 μM GTP or
500 μM GTPγS to the medium, or following a preincubation
with 100 μM reactive blue 2 (RB2), with 500 μM GTP then
added. Images were captured after 2, 5, 6, and 7 days of
differentiation, using a Canon Powershot S45 camera on an
inverted microscope (Leica) at 400× magnification, and then
stored on a host computer. The experimental procedures
were repeated twice.

Transcriptional profile analysis

First experimental set-up

To perform the microarray experiments, MWG mouse 30k
A microarray slides were used. C2C12 cells were plated
into 100-mm diameter Petri dishes at a density of

2,500 cells cm−2 and grown for 48 h in GM.
Differentiation was induced using SM, with the experi-
ments performed in two stages: over 4 and 24 h of
differentiation and in the absence and presence of
500 μM GTP (Sigma-Aldrich, Milan, Italy). Total RNA
from these C2C12 cells was then purified using NucleoSpin
RNA II kits (Macherey-Nagel, Duren, Germany), according
to the manufacturer's instructions. The total RNA extrac-
tions were quantified spectrophotometrically (GeneQuant
pro, Amersham). The analysis of RNA samples was
performed using an Agilent Bioanalyser 2100 with a
Nano chip, according to the RNA sample amounts. The
RNA amplification and labelling reactions were carried out
using two-step amino-allyl labelling.

The hybridisation was performed using the MWG mouse
30k A microarray slides according to the MWG array
manual. Multiple scans with a dual laser scanner were
performed using different photomultiplier gain settings (e.g.,
250, 220, 190) for each channel. For a typical slide, six images
were created: three in the Cy5 channel and three in the Cy3
channel, as TIFF images. The ImaGen software
(BioDiscovery) was used to calculate the intensity of each
spot and the corresponding background from the individual
scanner TIFF images. For combining the data of the multiple
scans per slide, the MAVI Pro 2.6.0 (MWG Biotech AG)
background correction and normalisation software was used.
The background-corrected and normalised intensities were
used to calculate the Cy5:Cy3 ratios, as a direct measure of up-
regulation or down-regulation of each gene analysed. For
these ratios, the channel considered to be the experimental
data was that coupled with Cy5, which was divided by that
coupled with Cy3, which was considered to be the control
data. Cy5:Cy3 ratios>2 (i.e., twofold up-regulated) represent
up-regulated gene expression (as experimental vs. control),
while ratios <0.5 represent down-regulated gene expression.
Ratios between 0.5 and 2 correspond to genes that were not
considered to have been regulated under these conditions.
Non-commercial tools were used to organise and visualise the
gene-network data obtained from the microarray analysis,
including GenMAPP and iHOP—http://www.ihop-net.org/.
The microarray results have been deposited at http://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE18531.

Second experimental set-up

The mouse oligonucleotide array consisted of 13,443
70mer oligonucleotides (Operon, version 1.1) that were
designed on Mouse Unigene clusters, mainly in the 3′
terminal region. Each oligonucleotide was spotted by a robotic
station (Biorobotics Microgrid II) onto MICROMAX glass
slides (SuperChip I, PerkinElmer, Life Sciences Inc.) as two
replicates. Details of the design of the slide and the
sequence selection can be found at the manufacturer's
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website (http://microcribi.cribi.unipd.it/e-index.htm). For
microarray experiments, the C2C12 cells were cultured in
the presence of DM for 4 h, to induce cell differentiation,
and in the absence and presence of 500 μM GTP. The RNA
isolation, quantification, and analysis were as described for
the first experimental set-up above.

Aliquots (1 μg) of each RNA sample were reverse
transcribed using Amino Allyl MessageAmp II aRNA
Amplification kits (Ambion, Monza, Italy). An aliquot of
the modified aaRNA was coupled with the fluorophores
Cy3 and Cy5 (CyDye Post-Labelling Reactive Dye Packs,
GE Healthcare, Milan, Italy). Optimal amounts of aRNA-
Cy3 and aRNA-Cy5 were co-precipitated by adding 0.8
volume of ammonium acetate 5 M and 2.5 volumes of
absolute ethanol. The sample was dissolved using 120 μl
hybridisation buffer (500 μl 20× SSC, 20 μl 10% [w/v]
sodium dodecyl sulfate, SDS, 1 ml formamide, 480 μl
distilled, Ambion water) and 3 μl RNase-free water
(GIBCO, San Giuliano Milanese, Italy), denatured at 90°
C for 2 min, and applied directly to the microarray slides
and covered with a cover slip. The microarray slides were
seeded and sealed in the hybridisation chamber and
incubated for 2 days in a water bath at 48°C. After
hybridisation, the slides were washed sequentially with
solutions of 0.2% (w/v) SDS in 1× SSC, of 0.2% (w/v) SDS
in 0.1× SSC, of 0.2× SSC, and of 0.1× SSC (4 min for each
wash), in the dark at room temperature. The arrays were
scanned using a GSI Lumonics LITE dual confocal laser
scanner, with a ScanArray Microarray Analysis System
(PerkinElmer), and the raw images were analysed using
QuantArray Analysis Software (GSI Lumonics, Ottawa,
Canada). The expression levels of all of the spot replicates
were normalised by applying the Lowess (Locfit) normal-
isation procedure, using MIDAS (TIGR Microarray Data
Analysis System) before performing any statistical analy-
ses. As described above, the background-corrected and
normalised intensities were used to calculate the Cy5:Cy3
ratios. Differentially expressed genes were identified using
the significant analysis of microarrays permutation test
procedure (STANFORD software, http://www-stat.stanford.
edu/_tibs/SAM), which defines as significant those genes
with computed scores greater than the threshold value.
The false discovery rate associated with a given
threshold was also calculated from the permutation data.
A log base-2 of the ratio >1 (twofold up-regulated)
represented up-regulated gene expression (experimental
vs. control); while a log base-2 of the ratio <−1
(twofold down-regulated) represented down-regulated
gene expression. A log base-2 of the ratio between 1
and −1 corresponded to genes that were not considered
to have been regulated under these conditions. The non-
commercial tools used to organise and visualise the
gene-network data were as indicated above, and the

microarray results are deposited at http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE18584.

Real-time PCR

For the real-time PCR, the C2C12 cells were prepared (in
GM), differentiated (in SM) and treated (GTP/ GTPγS) as
described above. The total RNA was isolated also as
described above. For cDNA synthesis, 20 μl (1 μg) total
RNA was directly processed with high-capacity cDNA
Archive kits. For each sample, 20 μl total RNAwas added to
5 μl 10× RT buffer, 2 μl 25× dNTP mix, 5 μl 10× RT random
primers, 1.25 μl reverse transciptase, 16.75 μl nuclease-free
water, to a final volume of 50 μl. The reactions were
incubated in a GeneAmp PCR System 9700 at 25°C for
10 min, 42°C for 1 h, 95°C for 5 min and then at 4°C.

So-called singleplex real-time PCR was performed for
the relative quantitation of the gene expression of Pax7
(paired box gene 7), Ppp3ca (calcineurin catalytic sub-
unit), Gsk3b (glycogen synthase kinase 3 beta), Cox7a1
(cytochrome c oxidase, subunit VIIa 1), vs. beta-actin,
using TaqMan technology on an ABI Prism 9700HT
Sequence Detection System instrument, connected to
Sequence Detector Software (SDS, version 2.0) for
collection and analysis of data. The primer pairs and
TaqMan probes for all of the target genes and for the beta-
actin reference gene were provided as 20× mixes that were
ready to use at a final concentration of 1×. According to
the manufacturer recommendations, 25 μl reactions were
performed in a MicroAmp Optical 96-well reaction plate
using 12.5 μl 2× TaqMan Universal PCR Master mix,
with 1.25 μl 20× Inventoried Gene Expression Product for
the mouse Pax7 target gene, or 1.25 μl for the mouse
Ppp3ca target gene, or 1.25 μl for the mouse Gsk3b target
gene, or 1.25 μl for the mouse Cox7a1 target gene (FAM
dye-labelled TaqMan MGB probe), or 1.25 μl 20×
Inventoried TaqMan Assay reagent for the mouse beta-
actin reference gene (FAM dye-labelled TaqMan MGB
probe). For each sample, the cDNAwas diluted in RNAse-
free water to reach the final 25 μl reaction volume. PCR
was performed at 50°C for 2 min, and at 95°C for 10 min,
and then run for 45 cycles at 95°C for 15 s and at 60°C for
1 min. All of the reactions were performed in triplicate,
and each experiment was repeated three times. The results
were exported from the ABI Prism 9700HT Sequence
Detection System into Microsoft Excel files for further
analysis. The relative quantification of target gene
expression was evaluated with data from the SDS
software, using the arithmetical formula 2−DDCt, according
to the comparative Ct method, which represents the
amount of target, as normalised to the beta-actin
endogenous control (reference). All materials, instruments
and softwares were purchased by Applied Biosystems.
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Results

To demonstrate the unique role of GTP in myogenesis, we
investigated its effects using two different experimental
conditions. We used normal DM and an unusual differentia-
tion media of DMEM with BSA (SM). The rationale was that
the absence of serum differentiating factors in SM would
allow the GTP effects to be better discriminated. Indeed, the
starved cells fuse with each other and form myotubes over a
longer period of time with respect to DM. Figure 1 shows
images of C2C12 cells during the differentiation process in
DM and SM at 2, 5, 6, and 7 days. As can be seen, the fusion
process and the differentiation timing are delayed in SM, by
a few days. In SM, there are fewer myotubes after 6–7 days
of differentiation, while in DM, the formation of myotubes
starts after 4–5 days of differentiation.

We also investigated the addition of 500 μM GTP and
500 μM GTPγS to C2C12 cells (Fig. 1). GTPγS is a non-
hydrolysable analogue of GTP, and this was used to verify
the GTP effect while excluding any effects that might be
due to GTP degradation products. After 2 days of
stimulation, the number of di-nucleated cells in the
presence of GTP and GTPγS (cells that have started the
fusion process) was twice that in the control samples in
both DM and SM. Preincubation with 100 μM RB2, a
purinergic receptor antagonist [29], in the medium in the
presence of 500 μM GTP significantly reduced this GTP-
induced increase in the number of di-nucleated cells.

After 5–7 days of stimulation in DM, the number of poly-
nucleated cells (myotubes) obtained in the presence of GTP
and GTPγS was again twice that in the control sample. The
pre-incubation with RB2 interfered with the GTP effect, with
the myotubes being fewer and thinner than those following
GTP stimulation in the absence of RB2 (Fig. 1).

At 5 days of differentiation in SM, there were no
myotubes in the control samples, while myotubes were seen
in the presence of GTP and GTPγS. This effect was
reduced by pre-incubation with RB2 (Fig. 1). Myotubes
were seen after 6–7 days of differentiation in SM, with the
addition of GTP and GTPγS inducing the fusion process,
giving more hypertrophic myotubes. This effect was also
blocked by the addition of RB2 (Fig. 1).

Transcriptional profile analysis

SM does not contain any differentiation-inducing factors, so
although the starved cells do fuse with each other to form
myotubes, this occurs with a delayed time with respect to DM.
Under these conditions, the GTP-induced genes determined
after a delay of 4 h in DM might be comparable with those
determined after a delay of 24 h in SM. These different culture
protocols (with the different media) were used to investigate
whether GTP itself can induce and sustain C2C12 differen-

tiation. We used high-density microarray to define potential
genes related to GTP-induced myogenesis.

A list of the up-regulated and down-regulated genes in
GTP-treated cells (relative to control cells, and that satisfied
statistical criteria) was thus generated using a significant
analysis of microarrays analysis (see “Materials and
methods” for more details).

GTP-regulated genes in C2C12 cell differentiation
in synthetic medium

Comparative statistical analyses revealed that in SM, 13
and 15 genes were differentially expressed at 4 and 24 h,
respectively, in GTP-treated C2C12 cells. Nine genes were
up-regulated, and four genes were down-regulated at 4 h,
and 12 genes were up-regulated and three genes were
down-regulated at 24 h (Table 1).

These differentially regulated genes were assigned to their
functional categories and analysed using non-commercial
tools, such as GenMAPP and iHOP. Their functional
categories included: cytoskeleton structure, energetic metab-
olism and the respiratory chain, protein balance, cell adhesion,
and myogenesis. Broadly speaking, all of the genes identified
are linked to cellular processes that have roles in skeletal
muscle growth and differentiation [30].

Cytoskeleton structure

The fusion process during differentiation requires reorgan-
isation of the cytoskeleton and redistribution of membrane
components. The myristoylated alanine rich protein kinase
c substrate (Macs) gene, which expresses a major cyto-
skeletal protein substrate of protein kinase C, was up-
regulated at 24 h. MACS proteolysis is necessary for fusion
of myoblasts and its cleavage is mediated by calpain [31].
The sarcoglycan, beta (dystrophin-associated glycoprotein)
gene was up-regulated at 24 h; its protein product forms a
complex with three further subunits on the skeletal muscle
cell surface membrane. A gene mutation can cause a loss or
a marked decrease in the whole sarcoglycan complex,
resulting in autosomal recessive muscular dystrophy:
sarcoglycanopathy [32].

Energy metabolism and the respiratory chain

Stimulation of C2C12 cells with 500 μM GTP during their
differentiation in SM resulted in the up-regulation of a number
of genes, including glyceraldehyde-3-phosphate dehydroge-
nase (Gapdh), which codes for an enzyme that catalyses the
sixth step of glycolysis. GTP stimulation also enhanced the
expression of genes involved in mitochondrial transfer of
electrons during synthesise of ATP. Nadh dehydrogenase
subunit 1 (ND1) and cytochrome c oxidase subunit VIIb
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(Cox7b) were both up-regulated at 4 h, while cytochrome c
oxidase subunit VIIa 1 (Cox7a1) was up-regulated at 24 h.
Carnitine palmitoyltransferase 2 (cpt2) was also up-
regulated at 24 h, and, together with carnitine palmitoyl-
transferase I, its gene product oxidises long-chain fatty acids

in mitochondria. A Cpt2 deficiency is a metabolic myopathy
that affects transport of fatty acids into mitochondria, which
leads to an impaired energy supply under stress conditions.
This can result in muscle weakness and rhabdomyolysis [33,
34]. The acetyl-CoA transporter (Acatn) gene was up-
regulated at 24 h; this codes for a multiple transmembrane
protein in endoplasmic reticulum, Ac-CoA, which is trans-
ported to the lumen of Golgi apparatus. Here, Ac-CoA
serves as a substrate for acetyltransferases that modify sialyl
residues of gangliosides and glycoproteins [35].

Protein balance

Proteasomes are among the major mechanisms by which
cells regulate concentrations of particular proteins and

�Fig. 1 Morphological effects of GTP, GTPγS, and RB2 in differen-
tiating C2C12 cells. C2C12 cells were induced to differentiate using
DM and SM in the absence and presence of 500 μM GTP, 500 μM
GTPγS, and with preincubation with 100 μM RB2 before 500 μM
GTP (all as indicated). The images show: (a) timing of myogenesis in
DM is more rapid than in SM at all time points; (b) cells stimulated
with 500 μM GTP show more numerous, longer, and thicker
myotubes than control cells; (c) myotubes obtained in medium plus
500 μM GTP and 500 μM GTPγS show very similar morphologies;
and (d) pre-incubation with RB2 leads to thinner and fewer myotubes
and a higher myoblast percentage. Magnification, ×400

Table 1 Differentially regulated gene transcripts following 4 and 24 h differentiation of C2C12 cells in SM with 500 μM GTP

Gene symbola Description IGTP/ICtrl 4 h of
differentiationb

IGTP/ICtrl 24 h
of differentiationb

Cytoskeleton structure

Macs Myristoylated alanine-rich protein kinase c substrate 4.7

Sgcb Sarcoglycan, beta (dystrophin-associated glycoprotein) 2.1

Respiratory chain

ND1 Nadh dehydrogenase subunit 1 2.3

Cox7b Cytochrome c oxidase subunit VIIb 2

Cox7a1 Cytochrome c oxidase subunit VIIa 1 2

Protein balance

Ubc Ubiquitin c 0.5

Ubqln2 Ubiquilin 2 0.13

Energetic metabolism

Cpt2 Carnitine palmitoyltransferase 2 42.6

Acatn Acetyl-coenzyme a transporter 28

Gapdh Glyceraldehyde-3-phosphate dehydrogenase 2

Myogenesis

Ndn Necdin 2.7

Pax7 Paired box transcription factor pax7 2.5

Myod1 Myogenic differentiation 1 1.4

Rab17 Rab17, member ras oncogene family 2

Gsk3b Glycogen synthase kinase 3 beta 2.2

Ppp3ca Calcineurin 1.1 1.2

Cell adhesion

Catna1 Catenin alpha 1 0.46

Vcam1 Vascular cell adhesion molecule 1 1.7 0.9

Ncam-180 Neuronal cell adhesion molecule ncam-180 1.5 2.4

– Homologue to metastasis-associated gpi-anchored protein 0.5

Mrc2 Mannose receptor, c type 2 0.4 0.46

Others

Saa3 Serum amyloid a 3 2.5 5.5

Hoxc4 Homeo box c4 0.5

a Gene symbols as described in the NCBI database
b Changes in gene expression levels as log base-2 of the ratios (log2 IGTP-treated/Inon-treated): >2, up-regulated genes; <0.5, down-regulated genes
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degrade misfolded proteins. In our study, two genes that are
linked to protein metabolism were differentially expressed
during GTP-induced myogenesis in SM. In particular, after
4 h of differentiation, there was down-regulation of
ubiquitin c; in combination with proteasomes, the ubiquitin
c protein mediates degradation of myosin D and inhibition
of DNA binding 1 (Id1) proteins in C2C12 cells during
differentiation. Another gene involved in protein balance
was down-regulated after 24 h: ubiquilin 2. However, the
role of the ubiquilin 2 protein in skeletal muscle tissue
is not clear, while in the nervous system, it is related to
early-onset Alzheimer's disease [36].

Cell adhesion

Cell–cell and cell–substrate adhesion is essential for
maintenance of cell polarity and for cell differentiation
and tissue architecture [37]. Catenin alpha 1 was down-
regulated at 24 h, and this codes for an actin-binding and
bundling protein that mediates attachment of F-actin to the
membrane adhesion complex [38]. It is an intracellular
protein that associates with cadherins and the cytoskeleton,
and it is required for the formation and maintenance of
functional intercellular adhesion complex. Neuronal cell
adhesion molecule (ncam)-180 was up-regulated at 4 and
24 h of differentiation, and a predominant trend for up-
regulation was observed for vascular cell adhesion mole-
cule 1 at both times; both of these code for cell adhesion
molecules that are expressed on the surface of skeletal
muscle satellite cells, and which contribute to myotube
formation through the fusion of myoblasts [39, 40]. Cell
adhesion is a process that is highly correlated to myoblast
fusion and myogenesis. The only gene down-regulated at
both 4 and 24 h of differentiation in SM was mannose
receptor, c type 2, which is involved in many cellular
functions, such as Ca2+ and collagen binding, and receptor
activity; the collagen binding reaction might lead to
adhesive functions as well as contribute to cellular
degradation of collagen matrices [41].

Myogenesis

Stimulation of these C2C12 myoblasts with 500 μM GTP
in SM for 4 h up-regulated necdin, an important factor that
is required for myoblast differentiation in vitro and in vivo,
for the first phase of muscle fibre growth and for efficient
repair upon muscle injury. Pax genes are also involved in
tissue differentiation and have important roles in the
regulation of stem cell behaviour. In the case of skeletal
muscle, Pax7, which was up-regulated at 4 h of differen-
tiation in SM, performs this function both during develop-
ment and regeneration in the adult. The Pax7 protein
regulates the entry of satellite cells into the myogenic

programme via activation of the myogenic determination
gene MyoD, which was also up-regulated at 24 h of
differentiation. Real-time PCR also confirmed these data,
revealing a key role for Pax7 in the early stages of GTP-
dependent myogenesis (at 4 h of differentiation). Among
the genes involved in myogenesis, calcineurin (Ppp3ca)
was up-regulated both at 4 and 24 h. Homeo box c4
regulates self-renewal and differentiation of stem cells,
including both mesenchymal and embryonic stem cells
[42]. The Rab17 gene was up-regulated, and it has been
linked to the control of myogenesis, although it had never
been identified and studied in skeletal muscle. Glycogen
synthase kinase 3 beta (Gsk3b) was up-regulated at 24 h of
differentiation in SM, which is the gene that codes for the
protein GSK3ß. This gene facilitates the Notch signalling
that takes place during myoblast proliferation. This gene
was also confirmed to be up-regulated following real-time
PCR. Furthermore, our study revealed that serum amyloid a
3, a gene involved in inflammatory processes, was up-
regulated both at 4 and 24 h of differentiation in SM.
Inflammation in response to muscle injury or disease is
intimately associated with muscle regeneration. The num-
ber of up-regulated and down-regulated genes was similar,
both at 4 and at 24 h.

GTP-regulated genes in normal differentiation

We also analysed the transcriptional profile of cells after 4 h
incubation with 500 μM GTP with the second experimental
set-up of gene expression analysis of myoblasts committed
to differentiation by incubation in DM, which contained 2%
horse serum. In GTP-treated C2C12 cells at 4 h of DM,
eight genes were up-regulated and five genes were down-
regulated (Table 2).

The differentially regulated genes were again assigned to
their functional categories and were analysed using the
same non-commercial tools. The functional categories
revealed here included the Jak/Stat pathway, the MAPK
pathway, and chromatin reorganisation.

The Jak/Stat pathway

Among pathways that regulate the cell cycle and cell
differentiation, Jak/Stat and NF-κB activation have key
roles. The up-regulated interleukin 6 gene codes for the
endogenous ligand that activates Jak/Stat signalling, IL6.
At the end of this signalling, Pim-1 is expressed, which was
also up-regulated. Pim-1 is associated with two main
effects: it enhances cell survival through cooperation with
and regulation of Bcl-2, and it enhances Ca2+ dynamics
associated with increased expression of SERCA2a [43–45].
It has been shown that the Pim-1 protein is targeted for
degradation by ubiquitin, and that Hsp70 is associated with
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Pim-1 under these circumstances. An indirect confirmation
of the Jak/Stat pathway stimulation is derived from the
suppression of the NF-κB pathway, via up-regulation of the
IL1Ra gene.

Up-regulation of protease (prosome, macropain) 28
subunit, beta could be linked to turnover of Pim-1 [46].
Furthermore, it results in down-regulation of heat shock
protein, 74 kDa (Hspa9), a gene that encodes a member of
the heat-shock cognate protein 70 gene family. This protein
has a role in cell proliferation, stress responses, and
maintenance of the mitochondria. Epiregulin belongs to
the epidermal growth factor (EGF) family and binds to the
EGF receptor. In the present study, epiregulin was also up-
regulated at 4 h of differentiation in DM.

The MAPK pathway

In the present study, there was down-regulation of both Mif
and Rhoc with GTP stimulation in DM, suggesting that
GTP depresses the MAPK pathway in differentiating
C2C12 cells.

Chromatin reorganisation

The level of methyl CpG-binding proteins was up-
regulated, as was the expression of budding uninhibited
by benzimidazoles 3 homolog (Saccharomyces cerevisiae),

which codes for a member of a group of mitotic checkpoint
proteins that are essential for the segregation of chromosomes
during cell division [47, 48]. Ubiquitin-like 1 (Sumo1),
which is involved in the control of cell transformation, was
down-regulated.

Other genes

Integrin alpha 7, a gene that encodes for a transmembrane
protein of skeletal and cardiac muscle that links the
cytoskeleton to the extracellular matrix, was up-regulated.
Trans-acting transcription factor 1 (Sp1) was down-
regulated; together with Sp3, the Sp1 protein activates the
Dp71 promoter by binding to the Sp boxes.

Validation of microarray data by quantitative real-time
PCR

Based on the microarray findings, quantitative real-time
PCR was performed to validate some of these putative
GTP-sensitive genes, looking at the key players in the
myogenic process and in metabolism. For this, the
expression levels of mRNA for Ppp3ca, Gsk3b, Pax7,
and Cox7a1 were evaluated by real-time PCR in C2C12
cells differentiated using SM for 4 and 24 h in the absence
and presence of 500 μM GTP. In addition, Pax7 gene

Table 2 Differentially regulated
gene transcripts following 4 h
differentiation of C2C12 cells in
DM with 500 μM GTP

aGene symbols as described in
the NCBI database
bChanges in gene expression
levels as log base-2 of the ratios
(log2 IGTP-treated/Inon-treated): >1,
up-regulated genes; <−1, down-
regulated genes

Gene symbola Description Log2 IGTP/ICtrl after 4 h
of differentiationb

Jak/Stat pathway

IL1Ra Interleukin 1 receptor antagonist homologue 1 2.5

IL6 Interleukin 6 1.4

Pim-1 Pim-1 associated protein 2.0

Hrk BH3 interacting (with BCL2 family) domain,
apoptosis agonist

1.6

Hspa9 Heat shock protein, 74 kDa, A −1.2
Psme2 Protease (prosome, macropain) 28 subunit, beta 1.4

Ereg Epiregulin 1

MAPK pathway

Mif Macrophage migration inhibitory factor −1.28
Rhoc Aplysia ras-related homologue 9 −1.7
Chromatin reorganization

Mbd2 Methyl-CpG binding domain protein 2 1.1

Bub3 Budding uninhibited by benzimidazoles 3 homologue
(S. cerevisiae)

1.2

Sumo1 Ubiquitin-like 1 −1.35
Others

Itga7 Integrin alpha 7 1.3

Sp1 Trans-acting transcription factor 1 −1
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expression was evaluated under the same conditions (4 and
24 h) but with the cells incubated with 500 μM GTPγS.

Considering the microarray results that indicated an
increase in aerobic metabolism, we investigated the GTP
effects on fibre phenotype. A calcineurin (Ppp3ca) assay
was performed because in considering skeletal muscle fibre
type, calcineurin controls the slow muscle phenotype,
driving expression of the type I myosin heavy chain
(MyHC) gene, a myogenic marker [49].

As shown in Fig. 2, after 4 h of differentiation in SM in
the presence of 500 μM GTP, the relative levels of Pp3ca,
Gsk3b, Pax7, and Cox7a1 mRNAs were not significantly
differentially regulated when compared to untreated control
cells. In contrast, at 24 h of differentiation in SM in the
presence of 500 μM GTP, the relative levels of mRNAs were
significantly increased (Fig. 2), confirming both the micro-
array data and the GTP-dependent differentiation process
towards the slow fibre phenotype. The inset of Fig. 2 shows
that addition of GTPγS to the medium also enhances Pax7
expression to a similar level to that seen for GTP.

Discussion

Our previous studies demonstrated that extracellular GTP
can induce myogenic processes in C2C12 cells, initially

enhancing proliferation and expression of the sarcomeric
protein MyHC and subsequently through Ca2+-dependent
intracellular signalling [27, 28]. In order to understand this
process better, we analysed gene expression patterns at very
early stages (4 and 24 h) of myogenesis, as associated with
GTP exposure, and using SM and the standard DM.

During myogenesis, myoblasts (precursors of skeletal
muscle cells), once they reach a critical density, cease to
proliferate and start to differentiate. Extracellular factors,
acting via cell-surface receptors, and adhesion molecules
control cell proliferation arrest and differentiation of
myoblasts through regulation of signalling pathways for
the expression of muscle-specific transcription factors.
This, in turn, coordinates the expression and activity of a
cohort of factors that are responsible for phenotypic
changes, including myoblast fusion into myotubes, the
precursors of the mature myofibres [50]. Our data demon-
strate the specific role of GTP as an enhancer of the
myogenic process; indeed, the data in Fig. 1 shows that
GTP and GTPγS stimulated the fusion process during the
early stages of differentiation (2 days in DM and SM) and
also after 5–7 days. These data confirm previously reported
data showing that GTP-treated cells are 63±9% thicker than
control cells and 55±8% longer than control myotubes
[27]. Moreover, stimulation with GTPγS gave similar
results to those of GTP, while pre-incubation with RB2,
an antagonist of the P2Y purinoceptor, counteracts the
GTP-induced fusion and differentiative processes [26, 51].

Initiating a differentiation pathway typically results in
activation of genes that will have previously been main-
tained in an inactive state or repression of other genes that
are normally activated. In C2C12 cells treated with GTP in
SM for 4 h, our data show up-regulation of genes involved
in the respiratory chain (nadh dehydrogenase subunit 1 and
cytochrome c oxidase subunit VIIb), energy metabolism
(glyceraldehyde-3-phosphate dehydrogenase), early stages
of myogenesis (necdin, Pax7, and calcineurin), and
cellular adhesion (Vcam1 and Ncam-180); this represents
a very early phase of differentiation. The up-regulation of
genes coding for proteins involved in mitochondrial
respiration leading to a greater production of ATP shows
a boost towards intense metabolism, to make up for new
cellular functions that are related to muscle work, for which
it needs more energy. These data are in agreement with up-
regulation of cytochrome c oxidase subunit VIIa 1,
carnitine palmitoyltransferase 2, and acetyl-coenzyme a
transporter. The up-regulation of genes involved in the
early stages of myogenesis demonstrates the role of GTP in
the differentiative programme. Necdin is expressed in
satellite cells upon activation and during their expansion
phase, as it is co-expressed with Pax7 [52]. When
myoblasts differentiate and start to fuse, necdin expression
decreases. It has been shown that necdin acts at different

Fig. 2 Real-time PCR after 4 and 24 h of differentiation with 500 μM
GTP in SM in C2C12 cells. Ppp3ca, Gsk3b, Pax7, and Cox7a1
mRNA expression levels in C2C12 cells differentiated with SM for 4
and 24 h in the presence of 500 μM GTP and GTPγS (inset). Data are
relative quantities of transcripts for these target genes, each versus
beta-actin gene expression. At 24 h of differentiation in SM in the
presence of 500 μM GTP, the relative levels of Ppp3ca, Gsk3b, Pax7,
and Cox7a1 mRNAs were significantly increased. Each value
represents the relative quantification of each gene at each time point.
Insert: Pax7 mRNA expression levels comparing GTP (as 100% at 4
and 24 h) and GTPγS, with similar levels of expression seen. Data are
representative of one of three independent experiments
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levels: it cooperates to promote transcriptional activation of
myogenin, thereby accelerating myoblast differentiation. In
addition, necdin has a prosurvival, antiapoptotic action in
vitro and in vivo, which can counteract the cytotoxic effects
of several apoptotic agents [52]. The up-regulation at 4 h of
differentiation suggests that the earlier stages of activation
and proliferation start first in cells treated with GTP than in
control cells. Pax7 expression is particularly important in
muscle-derived stem cells because it induces satellite cell
specification by restricting alternate developmental pro-
grammes [53]. In our study, Pax7 was up-regulated. This
suggests that GTP can be considered a new important
molecule that can induce specification towards muscle
differentiation. Upon activation and proliferation of satellite
cells, Pax7 has been identified in the up-regulation of
MyoD through the recruitment of the histone methyltrans-
ferase complex [54]. The mechanisms by which MyoD
induces myogenesis [10] involve both the activation of
muscle-specific gene expression and the withdrawal from
the cell cycle. After activation and proliferation, myoblasts
undergo differentiation through an ordered process in which
they first cease to proliferate via the sustained activation of
p38 MAPK and Akt, and then they express the muscle-
specific transcription factor, myogenin, and chromatin-
associated proteins promoting assembly of the myogenic
transcriptome. Thus, sustained activation of p38 MAPK
and Akt, which both impact on MyoD, is a prerequisite for
myoblasts to activate the myogenic programme. Other
signalling pathways that regulate MyoD expression include
the APC/GSK-3/β-catenin complex [55] and a small
GTPase of the Rho family, RhoA [56], with these signals
converging on the transcription factor, NF-kB [57].

GSK3ß is a protein that binds directly to the Notch 1
intracellular domain (Notch1IC) and facilitates Notch
signalling, so it is possible that GSK3ß is a critical juncture
between the Notch and Wnt pathways during postnatal
myogenesis [58]. As the time course of muscle repair
progresses from 1 to 4 days, Wnt signalling increases, and
both GSK3ß and Notch activity decrease. It has been
suggested that Notch activity is dominant during myoblast
proliferation, after which there is a temporal switch to Wnt
signalling and the subsequent myoblast differentiation and
fusion into myotubes [59]. In our experiments with SM, in
which the processes were slowed down, there was up-
regulation at 24 h of the gene coding for the GSK3ß
protein, confirming the activation of this pathway, which
occurred first in cells stimulated with GTP. MyoD1, was
also up-regulated at 24 h of differentiation, which is in
agreement with the hypothesis of the promotion of
differentiation by GTP. Furthermore, Hoxc4 was up-
regulated, which supports the hypothesis of differentiation,
because Hoxc4 is expressed in CD34+ cells as well as in
satellite cells [60], and its over-expression induces an in

vitro expansion of committed cells, as well as myogenic
precursors. Moreover, at 24 h of differentiation, Rab17 was
up-regulated. This once again supports the hypothesis of
myogenesis, as in the early phases the process of
differentiation requires a proliferative boost (contrary to
what happens in cellular hypertrophy, where there is growth
without division).

The up-regulation of calcineurin (at both 4 and 24 h),
which is known to have an important regulatory role in
phenotype specification, supports the hypothesis that GTP
can induce a specific slow muscle phenotype [49].
Moreover, it has been demonstrated that calcineurin
expression is sufficient to induce myogenic differentiation
also in the absence of IGFs [61]. This result is also
supported by the GTP stimulation of genes relating to
mitochondrial metabolism.

During the process of myogenesis, myoblasts undergo a
series of structural modifications and chromatin reorganisa-
tion, to allow gene transcription. In C2C12 cells with DM,
in which these phases are not slowed down, at 4 h of
differentiation, integrin alpha 7 was up-regulated and Sp1
was down-regulated. Integrin alpha 7 codes for a trans-
membrane protein of skeletal and cardiac muscle that links
the cytoskeleton to the extracellular matrix. In C2C12
myoblasts, elevated levels of integrin result in increased
adhesion to laminin, when serum is limiting [62]. Up-
regulation of integrin alpha 7 mediates cytoskeleton–
membrane–extracellular matrix interactions [63]. In addition,
Integrin alpha 7 levels increase dramatically when myoblasts
begin to differentiate into myotubes [64]. In myoblasts, Sp1
and Sp3 activate the Dp71 promoter by binding to Sp boxes.
In myotubes, MyoD represses the expression of the Sp1 and
Sp3 genes, and the resulting scarcity of these transcription
factors causes down-regulation of the Dp71 promoter. In
early myogenesis, Dp71 is expressed to participate in
cytoskeletal remodelling [65]. Thus, the down-regulation of
Sp1 suggests a crucial role for GTP in promoting differen-
tiation. Furthermore, also in the presence of SM, other genes
(Macs and Sgcb) related to the cytoskeleton structure
pathway were up-regulated at 24 h of differentiation,
demonstrating that there is a stimulus for cytoskeletal
reorganisation.

Cell adhesion, migration, and invasion are fundamental
properties of most cell types during development and
normal tissue/cell function. For these cells, cell–cell and
cell–substrate adhesion are essential for the maintenance of
cell polarity and differentiation, and for tissue architecture.
During development, some cells, including myoblasts, can
migrate over large distances. Therefore, in the reorganisa-
tion that occurs during cell differentiation processes,
adhesion molecules are involved [66]. We found Vcam1
and Ncam-180 up-regulated, both of which code for cell
adhesion molecules and which contribute to myotube

Purinergic Signalling (2012) 8:207–221 217



formation through fusion of myoblasts [39, 40]. Some
studies have shown that for C2C12 myoblasts [67], Ncam
expression is associated with the early stages of differen-
tiation, and is concurrent with expression of T-type Ca2+

channels and inward rectifier K+ channels [68]. Our data
again confirm the activation of these pathways during
several phases of myogenesis.

During postnatal differentiation of myogenic precursors,
several activated processes lead to chromatin reorganisation
as a result of a proliferative boost that is followed by fusion
of myoblasts into myotubes. More recently, there is
increasing evidence of cross-talk between epigenetic mod-
ifications, such as histone and DNA methylation, which is
recognised by the HP1 (Heterochromatin protein 1) and
MeCP2 (methyl CpG-binding protein 2) regulators, respec-
tively. It has been proposed that the dynamic interactions of
HP1 and MeCP2 increase their concentrations at hetero-
chromatin, which links two major gene-silencing pathways,
to stabilise transcriptional repression during differentiation
[47]. In agreement with this hypothesis, the levels of methyl
CpG-binding proteins increased during the early phases of
myogenesis (4 h in DM), which would lead to large-scale
heterochromatin reorganisation. Furthermore, budding un-
inhibited by benzimidazoles 3 homolog (S. cerevisiae) was
up-regulated, which is a member of a group of mitotic
checkpoint proteins that are essential for segregation of
chromosomes during cell division [48]. Genes that code
for enzymes capable of altering chromatin structure are
likely to be involved in the onset of differentiation
events [69].

In the process of myogenesis, anabolic processes are
promoted instead of catabolic ones, and proteolytic pro-
cesses can be depressed. In the present study, genes such as
ubiquitin-like 1 were down-regulated (at 4 h in DM), as
was ubiquitin c (at 4 h in SM) and ubiquilin 2 (at 24 h in
SM). It has been shown that ubiquitin-like 1 (Sumo1)
modifies SnoN, which is involved in the control of cell
transformation. The down-regulation of ubiquitin-like 1
found in our study can be explained in view of some recent
results that have demonstrated that loss of sumoylation in
the Lys-50 site of SnoN potently activates muscle-specific
gene expression and enhances myotube formation. This
would suggest a novel role for SUMO modification in the
regulation of myogenic differentiation [70].

IL1Ra is the gene that codes for the IL-1 receptor
antagonist protein. This protein recognises and binds to
both types of IL-1 receptors, although it has no IL-l agonist
activity. Once bound, it inhibits IL-l binding to its receptor,
thus providing the body with a protective mechanism
against the harmful effects of IL-1. Indeed, the literature
supports a regulatory role for IL-1 as a mediator of muscle-
protein synthesis, with alterations in body composition seen
in catabolic states where IL-1 is over-expressed. Further

heat shock protein 9 (which was down-regulated) appears
to be involved in muscle atrophy [71], and it has also been
detected in association with the IL-1 receptor, and is
predicted to have a role in the internalisation of this
receptor [72]. Inhibition of IL-1 signalling, which decreases
the rate of protein synthesis of both myofibrillar and
sarcoplasmic proteins through IL1Ra [73] (which was up-
regulated) and probably Hspa9 (which was down-regulated
at 4 h in DM), is in agreement with the hypothesis of
anabolic processes during the myogenesis. We found that
IL6 and Saa3 were up-regulated. In C2C12 cells, it has
been seen that when these mediators increase, they act
synergistically to increase SOCS3 expression in the muscle.
This increase in SOCS3 can account for down-regulation of
IRS-1 and impaired insulin/IGF-1 signalling, which pro-
motes muscle proteolysis [74]. The up-regulation of
Proteasome (prosome, macropain) 28 subunit, beta might
be linked to the turnover of Pim-1 [46].

The proinflammatory peptide macrophage migration
inhibitory factor (Mif) functions as an autocrine mediator
of both growth factor-dependent and integrin-dependent
sustained ERK/MAPK activation, and of cyclin D1
expression and cell-cycle progression. Mif promotes
activation of the canonical ERK/MAPK cascade and cyclin
D1 expression, by stimulating the activity of Rhoc GTPase
and by its downstream signalling to stress fibre formation.
Rho-dependent stress fibre accumulation promotes the
sustained activation of ERK and subsequent cyclin D1
expression during the G1-S phase of cell-cycle progression.
MIF regulates proliferative, migratory, and oncogenic
processes [75]. In the present study, down-regulation of
both Mif and Rhoc suggests that GTP depresses the MAPK
pathway in C2C12 differentiating cells.

In purine metabolism, an increased production of GTP
might have a role in skeletal muscle disease (e.g.,
denervated muscle). Indeed, we recently demonstrated the
involvement of purine metabolism in the atrophied skeletal
muscle of a 25-year-old male patient who was affected by
complete lower motor-neuron lesion of his spinal cord. In
studying the transcriptional profile of the skeletal muscle of
this denervated patient, we observed stimulation of inosine
monophosphate (IMP) dehydrogenase, which increases the
conversion of IMP into xanthosine 5′-phosphate, an
intermediate in purine metabolism that produces
guanosine-based purines [76]. We concluded that increased
production of guanosine-based purines might be associated
with the denervated muscle trying to activate myogenesis.
We know from the literature that the main sources of
nucleotides in different tissues are the cells themselves [77].
In particular, the muscle cells might release GTP as a
consequence of micro or more extensive lesions (e.g.,
during physical exercise), and several nucleotide species
might be released. It is worth mentioning that the

218 Purinergic Signalling (2012) 8:207–221



intracellular concentrations of GTP have been estimated to
be high [78], and for this reason, cell damage or mechanical
stress might release concentrations of guanosine nucleo-
tides in the hundreds of micromolar range into the
extracellular medium.

Conclusion

The data from our experiments add further information to the
established effects of extracellular GTP on intracellular Ca2+

increases and cell hyperpolarisation, using as an experimen-
tal model the myogenic C2C12 cell line. The analysis of
GTP-induced gene expression after 4 h of stimulation in the
absence of any other differentiation factor provides us
information on GTP-dependent early signal transduction
pathways. We have demonstrated that GTP itself can activate
genes that are directly involved in myogenesis and also in
remodelling of the cytoskeleton structure and stimulating
energy metabolism. Using real-time PCR, we have con-
firmed the expression patterns of three of the genes that were
highlighted in our microarray experiments for C2C12 myo-
genesis, Gsk3b, Pax7, and Cox7a1. Furthermore, we have
also demonstrated that GTP up-regulates calcineurin, a gene
that can sustain the specification of the slow fibre phenotype.
On the other hand, in the presence of serum factors, GTP
mainly activates the Jak/Stat pathway, which affects basic cell
functions, such as cell growth, differentiation, and death.
Hence, under these conditions, GTP and serum cooperate with
each other. In conclusion, we have demonstrated that GTP
itself can initiate and sustain myogenesis in C2C12 myocytes.
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