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Abstract

In response to peripheral nerve injury, Schwann cells adopt a migratory phenotype and modify the extracellular matrix to
make it permissive for cell migration and axonal re-growth. Uridine 5'-triphosphate (UTP) and other nucleotides are released
during nerve injury and activate purinergic receptors expressed on the Schwann cell surface, but little is known about the
involvement of purine signalling in wound healing. We studied the effect of UTP on Schwannoma cell migration and wound
closure and the intracellular signaling pathways involved. We found that UTP treatment induced Schwannoma cell
migration through activation of P2Y, receptors and through the increase of extracellular matrix metalloproteinase-2 (MMP-
2) activation and expression. Knockdown P2Y, receptor or MMP-2 expression greatly reduced wound closure and MMP-2
activation induced by UTP. MMP-2 activation evoked by injury or UTP was also mediated by phosphorylation of all 3 major
mitogen-activated protein kinases (MAPKs): JNK, ERK1/2, and p38. Inhibition of these MAPK pathways decreased both MMP-
2 activation and cell migration. Interestingly, MAPK phosphorylation evoked by UTP exhibited a biphasic pattern, with an
early transient phosphorylation 5 min after treatment, and a late and sustained phosphorylation that appeared at 6 h and
lasted up to 24 h. Inhibition of MMP-2 activity selectively blocked the late, but not the transient, phase of MAPK activation.
These results suggest that MMP-2 activation and late MAPK phosphorylation are part of a positive feedback mechanism to
maintain the migratory phenotype for wound healing. In conclusion, our findings show that treatment with UTP stimulates
in vitro Schwannoma cell migration and wound repair through a MMP-2-dependent mechanism via P2Y, receptors and
MAPK pathway activation.
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Introduction activity increases acutely at the site of injury some hours after
nerve crush, whereas MMP-2 activity is delayed but maintained
during nerve regeneration proximally and distally to the injury
site, suggesting that MMP-2 acts to facilitate axonal extension
along the nerve matrix [10]. In spinal cord injury, the same
pattern is observed: MMP-9 activity is highly increased 12 to
24 hours after injury to facilitate leukocyte infiltration while
MMP-2 increases its activity 5 to 14 days after injury to facilitate
nerve recovery and limit the formation of a glial scar [16,17,18]. In
Schwann cells, MMP-9 is required for insulin-like growth factor
(IGF) release and the subsequent activation of the MEK/ERK
pathway via IGF-1 and ErbB receptors [19]. MMP-9 also activates
the Akt/ERK pathway and promotes migration by binding to the
low-density lipoprotein receptor-related protein [20]. Taking into
account these findings, the modulation of MMP activity may be a
relevant target to enhance regeneration in demyelinating diseases
of the peripheral nervous system (PNS) [17].

Peripheral nerve injury initiates a sequence of events through
which macrophages and Schwann cells clear damaged axons and
potentiate axonal regeneration and nerve remyelination [l].
During Wallerian degeneration, de-differentiating Schwann cells
secrete growth factors and neurite-promoting factors to guide the
growing axon, as well as proteolytic enzymes to remodel
extracellular matrix (ECM) and facilitate cell migration [2,3,4,5]

One important class of proteases are matrix metalloproteinases
(MMPs), a large family of zinc- and calcium-dependent enzymes
that act on a wide number of extracellular and cell surface
receptors, ligands, and adhesion and structural proteins [6,7].
MMP upregulation has been linked to the pathogenesis of
peripheral nerve damage [8,9,10,11]. Specifically, MMP-2 and
MMP-9 have been involved in remodeling of the ECM during
nerve degeneration and regeneration [12,13,14,15]. MMP-2 and
MMP-9 are highly expressed after sciatic nerve injury: MMP-9
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There is a growing body of evidence implicating purinergic P2Y
receptors in cell communication, migration, and wound repair in
response to injury in many cell types [21,22,23,24]. After injury,
nucleotides released from cells activate the purinergic receptor-
signaling pathway to mediate the response to injury [25].
Nucleotide binding to P2Y receptors, which are coupled to the
protein Gay,, activates phospholipase Cg (PLCP). PLCB cleaves
phosphatidylinositol  4,5-biphosphate (PIPy) to diacylglycerol
(DAG) and phosphoinositol tri-phosphate (IPs), resulting in the
release of intracellular Ca*" from endoplasmic reticulum stores.
The increase in cytosolic Ca®* induces a myriad of alterations in
the tyrosine phosphorylation of proteins ranging from adhesion
molecules to members of the mitogen- activated protein kinase
(MAPK) family [26,27]. MAPKSs such as c-Jun N-terminal protein
kinase (JNK), extracellular signal-regulating kinase (ERK), and
p38 transduce extracellular signals into various cellular responses
such as proliferation, differentiation, and migration [28,29,30,31].
Accumulating evidence suggests that these MAPKs play a role in
the migration of various cell types [32,33,34,35].

Although the activation of P2Y purinergic receptors is known to
activate a MAPK signaling cascade, the role of the purinergic
signaling pathway in relation with Schwann cell migration and
wound repair has not yet been described. The present study aimed
to determine the effect of extracellular uridine 5’-triphosphate
(UTP) on Schwannoma cell migration and wound repair and to
establish whether MMP-2 is involved in this effect. For the first
time, we report that UTP stimulates i vitro Schwannoma cell
migration and wound repair through a MMP-2-dependent
mechanism via P2Y, receptors and MAPK pathway activation.

Materials and Methods

Reagents

Dulbecco’s Modified Eagle’s Medium (DMEM), penicillin,
streptomycin, and glutamine were purchased from PAA (Linz,
Austria). Donor bovine serum (DBS) was purchased from Gibco
(Rockville, MD, USA). Suramin, PBS, Hoechst 33342, trypan
blue, forskolin, pituitary extract, protease and phosphatase
inhibitor cocktails, SB203580, SP600125, U0126, and UTP were
purchased from Sigma-Aldrich (St Louis, MO, USA). GM6001
was purchased from Merck Millipore (Billerica, MA, USA). All
other reagents used were of analytical grade.

Schwann cell line cultures

The rat schwannoma cell line RT4-D6P2T was purchased from
the European Collection of Cell Cultures (#93011415; ECACC,
Salisbury, UK) and maintained in DMEM high glucose medium
supplemented with 2 mM L-glutamine, 50 U/mL penicillin,
50 mg/L streptomycin, and 10% (v/v) DBS. Cultures were
incubated in a 5% COy humidified atmosphere at 37°C. Cells
were seeded at a density of 1.2x10° cells/cm? and starved in 1%
(v/v) DBS for 24 h before nucleotide treatment.

Schwann cell primary cultures

Schwann cells were isolated from the sciatic nerves of Sprague—
Dawley rats on postnatal days 7 to 10 as previously described [36].
After chemical and mechanical dissociation, cells were cultured on
dishes in DMEM high glucose medium supplemented with 10%
(v/v) DBS, 5 uM forskolin, 20 pug/mlL pituitary extract, 2 mM
glutamine, 100 U/mL penicillin and 50 mg/L streptomycin. To
eliminate fibroblasts, cells were replated on poly-L-lysine and
laminin-coated culture dishes or wells according to the Kreider
group [37]. In the resulting cultures, Schwann cells had a purity of
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more than 83% (Hoechst and S100 immunoreactivity). Cells were
used for experiments at 7 to 10 days in culture.

Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and immunoblotting

Schwann cells were washed with PBS (pH 7.4) and lysed in
buffer that contained 50 mM Tris-HCI (pH 7.4), 150 mM NaCl,
1 mM EDTA, 1% (v/v) NP-40, and protease and phosphatase
inhibitors. The lysates were incubated on ice for 10 min and
sonicated. Protein concentrations were measured using the
Bradford method. Thereafter, 30 pg of cell lysate was denatured
with sample buffer [50 mM Tris-HCI, 2% (v/v) SDS, 100 mM
DTT, 10% (v/v) glycerol, pH 6.8], subjected to 10% SDS-PAGE,
and transferred onto Immobilon-P membranes (Merck Millipore).
The membranes were blocked for 1 h with 5% (w/v) dried
skimmed milk in TBS-T buffer [50 mM Tris, 150 mM NaCl,
100 mM KCI, and 0.1% (v/v) Tween-20, pH 7.4], and incubated
with the following primary antibodies: rabbit anti-phospho-
ERK1/2 (9101; Cell Signaling Technology, Beverly, MA, USA;
1:1000), rabbit anti-ERK1/2 (9102; Cell Signaling Technology;
1:1000), rabbit anti-phospho-JNK (9251; Cell Signaling Technol-
ogy; 1:1000), rabbit anti-JNK (9252; Cell Signaling Technology;
1:1000), rabbit anti-phospho-P38 (ab4822; Abcam; 1:1000), rabbit
anti-P38 (ab27986; Abcam; 1:1000), rabbit anti-P2Y, (ab10270;
Abcam; 1:1000), rabbit anti-MMP-2 (ab37150; Abcam; 1:500),
and mouse anti-GAPDH (AM4300; Applied Biosystems, Carls-
bad, CA, USA; 1:20000). Antibody binding was detected with the
corresponding HRP-coupled secondary antibody (Calbiochem;
1:5000), and the bands were visualised using the Luminata Forte
detection system (Merck Millipore). The immunoreactive signals
were quantified using Image J software (National Institutes of
Health, USA).

Gelatin zymography

Conditioned culture medium was collected and centrifuged at
15,000 rpm for 5 min at 4°C. The cleared medium was
concentrated 10-fold using Centricon with a 10-kDa pore size
(Merck Millipore). Samples (20 pg protein) of Schwann cell-
conditioned media were then resolved on 10% SDS-PAGE gels
containing 0.1% (w/v) gelatin as the protease substrate. After
electrophoresis, gels were washed with 100 mM Tris-HCI (pH 7.5)
and 2.5% (v/v) Triton X-100 for 30 min and subsequently
incubated for 16 h at 37°C in digestion buffer containing 100 mM
Tris-HCI (pH 7.5), 5 mM CaCly, and 200 mM NaCl. Bands
corresponding to activity were visualized by negative staining
using 0.25% (w/v) Coomassie Brilliant Blue R-250 (Bio-Rad, CA,
USA) for 6 hours followed by destaining for 30 min in a solution
of 10% (v/v) acetic acid and 25% (v/v) isopropanol. To quantify
the MMP-2 activity, the intensities of negative stained bands were
analyzed using Image ] software (National Institutes of Health,
USA). MMP-2 activity was expressed as the active MMP-2
intensity per total MMP-2 intensity (pro-MMP-2 plus active
MMP-2).

Immunocytochemistry

Schwann cells cultured on coverslips were fixed with 4% (v/v)
paraformaldehyde and 4% (w/v) sucrose in PBS, permeabilized by
incubation for 20 min with methanol in a solution that comprised
PBS—Triton (0.2%; v/v), 0.5% (w/v) BSA, and 20 mM glycine,
and then labelled with Hoechst 33342 (1 pg/mL) for 1 h at 25°C
in the dark. For MMP-2 staining, coverslips were incubated for
4 h with mouse anti-MMP-2 (ab37150; Abcam; 1:500) and
fluorescent secondary antibody conjugated with Alexa Fluor
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(Invitrogen, 1:2000) for 1 h. Finally, coverslips were mounted with
the anti-fading medium Fluoromount (Sigma) and fluorescence
microscopic images were obtained using a laser confocal
microscope (Leica DM IRB, Wetzlar, Germany). The immuno-
fluorescence intensity was quantified using MetaMorph® Software
(Molecular Devices, LLC).

Gelatinase activity

Gelatinase activity was determined with i sifu zymography
using DQ-Gelatin fluorescein conjugate as a substrate. Schwan-
noma cells cultured on coverslips were washed with 0.5 M Tris-
HCI (pH 7.6), 1.5 M NaCl, 50 mM CaCl,, and 2 mM NaNj.
Cells were then treated with DQ-Gelatin (100 pg/mL) at 37°C for
2 h (EnzCheck Gelatinase Assay, Molecular Probes, USA).
Finally, coverslips were mounted with the anti-fading medium
Fluoromount (Sigma) and fluorescence microscopy images were
obtained using a laser confocal microscope (Leica DM IRB). The
number of fluorescence spots in each cell was counted in different
regions and the results were expressed as number of positive
MMP-2 Schwann cells per area.

Wound -healing assay

Schwann cells were seeded at 2.5x10 cells/cm? and incubated
for 48 h to allow for the formation of a monolayer. A wound was
created in the monolayer with a 1000 uL pipette tip. The cells
were then washed with PBS (pH 7.4) and replaced with DMEM
high glucose medium supplemented with 2 mM L-glutamine,
50 U/mL penicillin, 50 mg/L streptomycin, and 1% (v/v) DBS.
Cultures were incubated in a 5% COy humidified atmosphere at
37°C. Images of 4 random fields along the wound were taken at
different times using a Nikon camera connected to a Nikon
mverted light microscope. Wound closure was quantified by
measuring the percentage of the occupied wound area at different
times using the TScratch v1.0 program (Matlab, Zurich,
Switzerland). The rate of migration (velocity) was expressed as
occupancy (%) per hour.

Migration assay

Schwann cell migration assays were performed using BD
BioCoat cell culture inserts with 6.5-mm-diameter filters with an
8-um pore size according to the manufacturer’s instructions (BD
Biosciences). Schwann cells at a density of 1.5x10° cells/insert
were seeded into the upper chamber in complete medium:
DMEM high glucose medium supplemented with 2 mM L-
glutamine, 50 U/mL penicillin, 50 mg/L streptomycin, and 1%
(v/v) DBS. Complete medium with UTP was placed in the lower
chamber as the chemoattractant. After incubation in a 5% COs
humidified atmosphere at 37°C, the migrated cells in the lower
chamber were fixed with 70% (v/v) ethanol and stained with 0.2%
(w/v) Crystal Violet. For each membrane, the number of cells was
counted in 4 blindly chosen random fields under light microscopy.
The fold increase in cell migration was expressed by taking the
control value as 1.

Quantitative reverse transcription polymerase chain
reaction (RT-PCR)

The total RNA from 10° Schwann cells was isolated using
TRIzol reagent (Invitrogen, Paisley, UK) and reverse transcribed
using an 1Script cDNA synthesis kit (Bio-Rad, Berkeley, CA,
USA). The cDNA template underwent quantitative analysis of
cDNA amplification, which was assessed using SYBR Green (Bio-
Rad). Standard PCRs were performed with the following specific
primers (100 mM each): MMP-2 (NM_031054), forward, 5'-AGG
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GAA TGA GTA CTG GGT CT-3', reverse, 5'-CAG TTA AAG
GCA GCG TCTA C-3'; P2Y, receptor (NM_017255.1), forward,
5'-CTG CCA GGC ACC CGT GCT CTA CTT-3', reverse, 5'-
CTG AGG TCA AGT GAT CGG AAG GAG-3'; P2Y, receptor
(NM_031680.1), forward, 5'-CAC CGA TAC CTG GGT ATC
TGC CAC-3', reverse, 5'-CAG ACA GCA AAG ACA GTC
AGC ACC-3'; P2Yg receptor (NM_57124.1), forward, 5'-GGA
GAC CTT GCC TGC CGC CTG GTA-3', reverse, 5'-TAC
CAC GAC AGC CAT ACG GGC CGC-3'; glyceraldehyde-3-
phosphate dehydrogenase, GAPDH (NM_017008.3), forward, 5'-
TGG GAA GCT GGT CAT CAA C-3', reverse, 5'-GCA TCA
CCC CAT TTG ATG TT-3'. The NM number indicates the
accession number of each gene in the NCBI nucleotide database.
All amplified PCR products were verified by melting curve
analysis. Quantification was performed by the AAC method, and
levels of mRNA expression were normalised to the housekeeping
gene that encodes GAPDH.

Short hairpin RNA

Knockdown Schwannoma cells were generated using short
hairpin RNA directed against the rat MMP-2 gene (shMMP-2)
constructed in the pLVIHM-GFP plasmid vector (Addgene,
Cambridge, USA). Sequence targeting for MMP-2 was selected
based on the rules for RNA susceptibility proposed by Tuschl’s
group [38] and using the siRNA prediction program from the
Whitehead Institute for Biomedical Research [39]. Two comple-
mentary DNA oligonucleotides (Roche, Berlin, Germany) were
annealed to produce a double-stranded DNA fragment encoding a
19-nucleotide sense strand, a 9-nucleotide loop, and a 19-
nucleotide antisense strand that correspond to bases 2173-2191
in MMP-2 mRNA (NM_031054). The sequence of MMP-2
shRINA is as follows: sense, 5'-CGC GTC CCC GGA GAT ACA
ATG AAG TAA ATT AAG AGA TTT ACT TCA TTG TAT
CTC CTT TTT GGA AAT-3' and antisense, 5'-CGA TTT
CCA AAA AGG AGA TAC AAT GAA GTA AAT CTC TTG
AAT TTA CTT CAT TGT ACT CCG GGG A-3'. A plasmid
carrying a random sequence was used as a shRNA control
(shRandom). The sequence of the shRNA-Random is as follows:
sense, 5'-GAT CCC CGC AGT GCA ATA TCG GAA ACT
TCA AGA GAG TTT CCG ATA TTG CAC TGC TTT TT-3’
and antisense, 5'-AGC TAA AAA GCA GTG CAA TAT CGG
AAA CTC TCT TGA AGT TTC CGA TAT TGC ACT GCG
GG-3'. Duplex DNAs of shRNA-MMP-2 and shRNA-Random
were cloned into the Clal and Mul sites of the pLVTHM vector.
The shRNA against P2Y, was a generous gift from Dr. Diaz-
Hernandez and Dr. Miras-Portugal (Universidad Complutense de
Madrid, Spain). RT4-D6P2T cells were transfected with different
shRNAs using Lipofectamine 2000 in accordance with the
manufacturer’s instructions (Invitrogen). Efficacy of shMMP-2
and shP2Y, was tested in transiently transfected cells using
immunoblotting for the protein and quantitative RT-PCR for
mRNA expression (see Supporting Information, Fig. S1).

Statistical Analysis

Results were expressed as the mean £SD of results from at least
3 independent experiments. Statistical analyses were carried out
using the GraphPad Prism 5.0 Software package (ANOVA
analysis plus Newman—Keuls post-test: *P=0.05, **P=0.01, and
*4P=<0.001).

Ethics Statement
Animal experimental procedures were submitted and autho-
rized by the Ethics Committee of the Universitat Internacional de

Catalunya (CEREA-UIC 2009).
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Results

UTP enhances Schwann cell migration and wound repair
In response to injury, Schwann cells increase their migration to
cover the damaged area. Previous studies on microglial, smooth
muscle, and epithelial cells have demonstrated that nucleotides
trigger wound repair [22,24,40]. To investigate the ability of the
nucleotide UTP to increase Schwannoma RT4-D6P2T cell
migration, dose-response and time—course studies were performed
using the Transwell migration assay (Fig. 1A). Dose-response
studies revealed that cell migration significantly increased after
UTP treatment (12 h, 100-500 pM). As previously reported, the
observed decrease in cell migration at 1 mM is due to UTP
cytotoxicity [41]. As extracellular concentration of UTP is greatly
enhanced after injury [42,43], a high UTP concentration
(250 uM) was used in all the experiments. On the other hand,
time—course analysis showed that cell migration significantly
increased between 6 and 12 h after UTP treatment (250 pM).
The effect of UTP on wound repair was also confirmed in
Schwann cell line and in primary cultured Schwann cells.
Treatment of these cells with UTP (250 uM) significantly reduced
the time required to close the wound completely (100%). R'T4-
D6P2T cells incubated with UTP filled the wound after 20 hours
(Fig. 1B, d) compared to control cells, which occupied only
56*8% of the wound area in that time (Fig. 1B, b). Likewise,
primary cultured Schwann cells treated with UTP filled the wound
after 36 hours (Fig. 1B, h), while untreated cells occupied only
57%12% of the wound area in that time (Fig 1A, f). Quantitative
analysis of the wound-healing assay represented in Figure 1C
revealed that UTP treatment increases Schwann cell velocity 2.1-
fold (from 1.7£0.5% to 3.6%0.2% of occupancy/h) for primary
Schwann cells and a 1.6-fold increase (from 2.9+0.5% to
4.5%0.2% of occupancy/h) for the RT4-D6P2T cell line.

MMP-2 activation by UTP is essential for Schwann cell

wound repair

MMPs in their active form have the potential to promote cell
migration and are involved in wound repair [16]. In order to
determine whether UTP is able to induce MMP activation, the
activity of MMP-2 and MMP-9 in the conditioned media was
studied using gelatin zymography in RT4-D6P2T cells after UTP
treatment (250 pM). A time—response study revealed that MMP-2
becomes active (proteolytically cleaved) after 12 h to 24 h of UTP
treatment, whereas MMP-9 was not detected at any time during
the study (Fig. 2A). In the case of MMP-2, the pro-form of the
protein (67 kDa) showed similar levels in both controls and UTP-
conditioned media after 12 h to 24 h of incubation. By contrast,
the activity of the cleaved form of MMP-2 (60 kDa) appeared to be
clearly enhanced in UTP-conditioned medium (Fig. 2A). After
assessing UTP-induced MMP-2 activation in RT4-D6P2T cells,
we investigated whether MMP-2 activation was induced by
wound. Interestingly, gelatin zymography experiments showed
that MMP-2 was activated during wound healing (Fig. 2B), with
increased activation in the presence of UTP (250 uM, 12 h). This
amplified signal of the active form of MMP-2 was observed in the
Schwann cell line as well as the primary Schwann cell culture
(Fig. 2B). These results suggest that either the UTP nucleotide or
the conditioned medium from wounded cultures induce the
activation of MMP-2. The mRNA levels in RT4-D6P2T and
primary Schwann cells were also evaluated by quantitative RT-
PCR. Results showed that UTP significantly increases MMP-2
expression in both cell models after 6-24 hours of treatment (Fig.
S2).
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Immunocytochemistry studies corroborated that MMP-2 pro-
tein expression is increased in primary Schwann cells (Fig. 2C, b)
treated with UTP (250 uM, 24 h) compared to control cells
(Fig. 2C, a). Quantitative analysis showed that the MMP-2
immunofluorescence intensity was significantly increased
(p=0.018) in UTP-treated cells compared to untreated cells
(Fig. 2C). Furthermore, endpoint analysis of fluorescence-
quenched gelatin degradation in RT4-D6P2T cells revealed a
significant increase (p =0.002) in the number of MMP-2 positive
cells in UTP-treated cells compared to untreated control cells
(Figure 2D). These findings are in agreement with the results
obtained by gelatin zymography and gene expression analysis and
corroborate that UTP enhances MMP-2 activation and expres-
sion.

Finally, to evaluate the role of activated MMP-2 in Schwan-
noma cell wound repair, a short hairpin RNA (shRNA) directed
against the rat MMP-2 gene (shMMP-2) was developed. Following
shMMP-2 transfection, substantial knockdown of the MMP-2
expression was observed in RT4-D6P2T cells at both mRNA
(81.320.2% decrease) and protein (52.370.7% decrease) levels
compared with transfected (shRandom) and nontransfected
control cells (see Supporting Information, Fig. S1). Wound healing
and zymography assays showed a significant decrease in the rate of
migration (P=0.001; Fig. 3A) and MMP-2 activation (P=0.05;
Fig. 3B) in MMP-2-silenced RT4-D6P2T cells when compared to
control cells. Altogether, these results strongly suggest that UTP-
activated MMP-2 plays an important role in Schwann cell wound
repair.

P2Y, receptor is involved in Schwannoma cell wound

repair and MMP-2 activation

The expression of the uridine-sensitive P2Y receptors (P2Y5,
P2Y, and P2Y) was determined by RT-PCR in RT4-D6P2T cells
and in primary Schwann cell culture. As shown in Figure 4A, three
DNA fragments of 339, 377, and 450 bp were amplified. These
fragments matched the predicted sizes of the amplifications
products for the P2Y,, P2Y, and P2Ys receptor subtypes,
respectively. Given that P2Yy receptor has been involved in cell
migration of several cell types, their implication in Schwann cell
wound repair was studied by using a shRNA directed against the
P2Y, gene (shP2Y5). A significant decrease in the rate of migration
(P=0.001; Fig. 4B) and MMP-2 activity (P<0.01; Fig. 4C) in
P2Y,-silenced RT4-D6P2T cells was observed by wound healing
and zymography assays. This data suggest the involvement of
P2Y, receptor in the UTP-induced Schwann cell migration and
MMP-2 activation.

To investigate whether the signaling pathway through P2Y
receptors is implicated in Schwannoma cell migration and MMP-2
activation, and given that P2Y receptors have been reported to
induce MAPK activity [25,44], we determined whether the P2Y-
MAPK pathway mediated UTP-induced migration in Schwann
cell line. RT4-D6P2T cells were pre-incubated for 20 min before
UTP (250 uM) stimulation with various selective inhibitors: a)
suramin, an antagonist at P2Y, o 3 ¢ 11 receptors [45,46]; b)
U0126, an inhibitor of MEK1/2 (upstream ERK1/2 kinase); c)
SB203580, an inhibitor of P38; d) SP600125, an inhibitor of JNK;
and e) the broad-spectrum MMP inhibitor GM6001. Results
revealed a significant decrease (P=0.001) in the rate of cell
migration (Figure 5A) and MMP-2 activation (Figure 5B) after
UTP treatment when cells were pre-incubated with 1 of the
inhibitors, in comparison with UTP-treated cells.
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Figure 1. UTP enhances Schwann cell migration and wound repair. (A) Transwell migration assay for RT4-D6P2T cells. Cells were seeded in
the upper side of a transwell membrane and treated with UTP (250 uM) at different times (2, 4, 6, 8, 10, and 12 h), or incubated for 12 h with various
UTP concentrations (0, 10, 100, 250, 500, and 1000 uM). Representative images (objective magnification x10) of the dose-response and time—course
transwell migration studies are shown. Migrated cells were stained with crystal violet and counted. Data were expressed as the fold increases of cell
migration when compared to untreated cells. Values were calculated as the mean = SD using 3 independent experiments. Statistical significance:
*P=0.05, **P=0.01, and *** P=<0.001. (B) Wound-healing assay for Schwann cell line and for primary Schwann cells. Monolayer cells for both Schwann
cultures were scraped (a, ¢, €, and g) and either untreated (b and f) or treated with 250 uM UTP (d and h). Micrographs are representative of at least 3
independent experiments (objective magnification x10). (C) Quantitative analysis of the rate of migration (velocity) calculated as percentage of
wound occupancy per hour. Values were calculated as the mean = SD of 3 independent experiments. Statistical significance: *** P<0.001.
doi:10.1371/journal.pone.0098998.g001
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doi:10.1371/journal.pone.0098998.9g002

UTP induces biphasic MAPK phosphorylation

To further study UTP stimulation of MAPKSs, time-course
phosphorylation was investigated. RT4-D6P2T cells were treated
with UTP and cell lysates were collected after various time
intervals. Equal amounts of protein were resolved in SDS-PAGE
and blotted with MAPK antibodies against phospho-JNK,
phospho-ERK1/2, and phospho-P38. The same membranes were
also blotted with antibodies against total (active and non-active)
forms of MAPKs (JNK, ERK1/2 and P38). Stimulation of RT4-
D6P2T cells with UTP (250 pM) resulted in a transient increase in
all phosphorylated MAPK levels at 5 min (Fig. 6A: early
phosphorylation), which decreased to near baseline levels at
approximately 45 to 120 min after stimulation. A second wave of
increased phosphorylated MAPK levels appeared at approximate-
ly 6 to 12 h and was sustained for up to 24 h (Fig. 6A: late
phosphorylation). It was previously described that suramin was
able to block the early UTP-induced phosphorylation [47]. Our
data show that suramin pretreatment also blocked the late UTP-
induced late phosphorylation (Fig 6B). These results suggest that
UTP activates P2Y, receptors, initiating downstream signaling
cascades and resulting in biphasic MAPK phosphorylation.

MMP-2 activation mediates late MAPK phosphorylation

To determine a possible relationship between MAPK phos-
phorylation and MMP-2 activation, MMP-2-silenced RT4-

PLOS ONE | www.plosone.org

D6P2T cells were treated with UTP (250 uM) and cell lysates
were collected at different times. Next, western blotting for 3
phosphorylated MAPKs was performed. Results showed that
while early phosphorylation is similar to that in control cells, late
MAPK phosphorylation is significantly downregulated in MMP-2-
silenced cells (Fig. 7A). To confirm the involvement of active
MMP-2 in late MAPK phosphorylation, RT4-D6P2T cells were
stimulated with UTP in the absence or presence of a broad-
spectrum MMP inhibitor (10 uM, GM6001) and MAPK phos-
phorylation levels were measured in cell extracts collected 5 min
(early phosphorylation; Fig. 7B) or 12 h (late phosphorylation;
Fig. 7C) after UTP treatment. GM6001 treatment did not inhibit
the early increase but significantly (P=<0.05) reduced the UTP-
stimulated late increase in phosphorylated MAPK levels. These
results suggest that a UTP-induced late increase in MAPK
phosphorylation is MMP-2-dependent.

Discussion

Growing evidence suggests that nucleotides that are released
upon injury stimulate nucleotide P2 receptors and serve as
endogenous signals to induce a rapid wound healing response in
glial cells [48,49,50]. In analogy with other G-protein-coupled
receptors (GPCR), a cross-talk between P2Y and growth factor
receptors may occur at different levels of the signal transduction
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against the MMP-2 gene (shMMP-2) and control cells (non-transfected
cells or cells transfected with shRandom sequence). Representative
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and ***P=0.001 when compared to control cells; #P=0.05 and
###P=0.001 when compared to UTP-treated cells.
doi:10.1371/journal.pone.0098998.9003

pathway depending on receptor subtypes and the cell type and
their respective environments [51,52]. Extracellular nucleotides
are known to function as chemotactic agents for microglial cells,
smooth muscle cells, and epithelial cells [22,24,40,53]. However,
these studies did not explain the implication of the nucleotide
UTP, a selective P2Y agonist, in injured Schwann cells. We
hypothesize that UTP secreted to the medium during nerve injury
binds P2Y receptors in the neighboring Schwann cells to induce
MMP-2 activity and subsequent cell migration and wound
recovery.

In the PNS, MMP-2 activity has been shown to increase after
nerve injury and is associated with cell migration, axonal
outgrowth, nerve regeneration, and remyelination [14,17,54].
Our results demonstrate that cell migration and wound repair
significantly increased after UTP treatment in Schwann cells, and
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Figure 4. P2Y, receptors are necessary for Schwann cell line
wound repair. (A) RT-PCR amplification with specific primers against
P2Y,, P2Y,, and P2Y,4 receptor subtypes was performed in RT4-D6P2T
cells and in primary Schwann cells after the isolation of total RNA. PCR
products were separated on a 1% agarose gel and visualized with
ethidium bromide. (B-C) Wound healing and gelatin zymograms of
RT4-D6P2T cells transfected with shRNA directed against the P2Y, gene
(shP2Y,) and control cells (non-transfected cells or cells transfected with
shRandom sequence). Representative images (objective magnification
x10) of wound healing and gelatin zymograms and quantitative
analysis of the rate of migration (velocity) and MMP-2 activity are
shown. Values were calculated as the mean = SD using 3 independent
experiments. Statistical significance: **P=0.01 and ***P=0.001 when
compared to control cells; ##P=0.01 and ###P=0.001 when
compared to UTP-treated cells.
doi:10.1371/journal.pone.0098998.g004

that the velocity of these processes depends directly on MMP-2
activation. We have also described that UTP significantly increases
MMP-2 gene expression and that knockdown of MMP-2 is
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doi:10.1371/journal.pone.0098998.g005

enough to completely suppress UTP-induced cell migration and
MMP-2 activation in the extracellular media.

Intracellular calcium measurements clearly indicate that UTP-
recognizing P2Y, and P2Y, receptors are functional in Schwann
cells [41]. Given that UTP is hydrolyzed by ectonucleotidases to
UDP, which is an agonist at P2Yg receptor, we first identified the
P2Y receptor subtype that mediates Schwann cell migration and
MMP-2 activation. To that end, we used a pharmacological
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approach (P2Y, is suramin-sensitive) and P2Yy-knowdown of
Schwannoma cells, which suggested a predominant role of P2Y,
receptors in this migratory effect. Although UTP and ATP are
equivalent in stimulating P2Y, receptor, we decided to study the
effect of UTP in order to avoid possible cross-signalling pathway
induced by the activation of P2X receptors by ATP [55]. Then,
our findings are consistent with previous reports demonstrating
that P2Y, receptors are involved in cell migration in several cell
types, providing further evidence of the functional role of P2Y,
receptor during injury [56,57,58,59,60]. Indeed, P2Yy receptors
have been shown to be upregulated in a variety of tissues in
response to injury [61]. All together, our data support the
hypothesis that activation of P2Y, receptors by extracellular UTP
might regulate a reparative mechanism in response to wound
mjury.

Our previous work, and that of other authors, showed that P2Y
receptor activation by UTP increases the expression of N-
cadherin, an adhesion molecule related to Schwann cell migration,
and that this increase is mediated by MAPK activation [47,62]. In
the present study, we also demonstrate that UTP-induced MMP-2
activation is dependent on MAPK signaling pathways. Indeed,
after nerve injury, increased activity in multiple pathways—
including the ERK/MAPK, JNK/c-Jun, Notch, and JAK/STAT
(Janus kinase/signal transducer and activator of transcription)
pathways—can be detected in Schwann cells [63,64]. Further-
more, some authors suggest that ERK and JNK activity defines
the state of Schwann cell differentiation. Whereas basal levels are
necessary for the differentiation of precursors, elevated ERK and
JNK activities drive dedifferentiation and migration [65,66,67,68].
By contrast, the role of p38 MAPK in Schwann cells is
controversial; it has been associated with the regulation of
myelination [69], but also with a negative regulatory role in
differentiation and myelination [70].

As previously described in many growth factors and cytokines,
UTP treatment also results in a biphasic phosphorylation of
MAPKSs [71,72]. This kinetic profile has recently been proposed as
a model to allow a common signaling system to play distinct
regulatory roles depending on the temporal duration of activation
[73]. Although P2Y activation by UTP is well known to be
involved in early MAPK phosphorylation, the role of UTP in late
MAPK phosphorylation has not been described until now. Our
data suggests that the initial transient phase of MAPK activation in
Schwannoma cells is mediated by P2Y receptors [25,47], whereas
the late sustained phosphorylation is also mediated by MMP-2
activation. One possible explanation for late MAPK phosphory-
lation is that active MMP-2 in the extracellular space cleaves a
membrane-anchored growth factor on Schwannoma cells. Many
proteins released by proteolysis of the ECM proteins are known to
control cell response and may act as effectors for Schwann cell
migration [74]. Multiple lines of evidence indicate that growth
factors, such as neuregulin-1 (NRG1), are involved in Schwann
cell migration and myelination [75]. Furthermore, NRGI
expression and its putative receptors, ErbB2 and ErbB3, are
known to be induced in injured sciatic nerves in rats, promoting
Schwann cell proliferation and dedifferentiation in injured nerves
[76,77]. Thus, the cleavage of a growth factor (NRG1 type III) by
MMP-2 and the subsequent phosphorylation of the ErbB
transmembrane tyrosine kinase receptor could explain the late
MAPK phosphorylation observed in Schwannoma cells after UTP
treatment. This proposed hypothesis is based on previous
observations demonstrating that MMP-9 regulates MAPK path-
ways through IGF-1 and ErbB receptors [19]. Nevertheless,
the relationship between MMP-2 activation and late MAPK
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Figure 6. UTP induces biphasic MAPK phosphorylation. (A) Western blot analysis of time-course MAPK phosphorylation induced by UTP. RT4-
D6P2T cells were incubated with UTP (250 uM) at the indicated times and equal amounts of protein (30 ug) were resolved in SDS-PAGE. Western
blots were performed using antibodies against phosphorylated and total MAPK (ERK1/2, JNK, and P38). The ratio of phosphorylated MAPK to total
MAPK was calculated by densitometry in each sample, and a value of 1 was given to the control cells. Representative western blots for each kinase
are shown above the graphs. Blots are representative of 3 independent experiments. Statistical significance: *P=0.05 compared to control cells. (B)
RT4-D6P2T cells were preincubated (30 min) with suramin (100 uM; P2Y, receptor antagonist). After UTP treatment (12 h, 250 uM), the ratio of
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doi:10.1371/journal.pone.0098998.9g006
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phosphorylation) or 12 hours (late phosphorylation). Proteins from cell lysates (30 ug) were resolved by SDS-PAGE and blotted against either
phosphorylated or total MAPKs. Representative western blots for each kinase are shown above the graphs. Blots are representative of 3 independent
experiments. Statistical significance: *P=0.05, **P=0.005, and ***P=0.001 when compared to control cells; #P=0.05, ##P=0.005, and ###P=

0.001 when compared to UTP-treated cells.
doi:10.1371/journal.pone.0098998.g007

phosphorylation observed in our Schwannoma cell model merits
further investigation in primary Schwann cell culture.

In light of these findings, we conclude that extracellular UTP
(which mimics nerve injury) stimulates Schwannoma cell migration
and wound repair through a MMP-2-dependent mechanism via
P2Y, receptors and the activation of MAPK pathways. Moreover,
evidence that P2Y, receptors mediate the migratory response of
Schwann cells evoked by PNS injury indicates that selective P2Y,
receptor agonists may provide new therapeutic opportunities for
Schwann cell migration and peripheral nerve regeneration.

Supporting Information

Figure S1 Short hairpin RNA validation. (A) RT4-D6P2T
cells were transfected with shRNA directed against a non-targeting
control (shRandom) or rat MMP-2 or P2Y, genes, and after 48 h
MMP-2 and P2Y, mRNA levels were determined by quantitative
RT-PCR. GAPDH was used as a constitutive gene. Statistical
significance: *P=0.05 compared to control cells. (B) RT4-D6P2T
cells were transfected with shRandom, shMMP-2 or shP2Y5, and
after 48 h MMP-2 and P2Y, protein levels were determined by
immunoblotting. GAPDH was used as a constitutive protein.
(TTF)

References

1. Griffin JW, Pan B, Polley MA, Hoffman PN, Farah MH (2010) Measuring nerve
regeneration in the mouse. Exp Neurol 223(1): 60-71.

2. Heumann R, Lindholm D, Bandtlow C, Meyer M, Radcke MJ, et al. (1987)
Differential regulation of mRNA encoding nerve growth factor and its receptor
in rat sciatic nerve during development, degeneration, and regeneration: role of
macrophages. Proc Natl Acad Sci U S A 84(23):8735-8739.

3. Jessen KR, Mirsky R (2008) Negative regulation of myelination: relevance for
development, injury, and demyelinating disease. Glia 56(14): 1552-1565.

4. Cheng C, Zochodne DW (2002) In vivo proliferation, migration and phenotypic
changes of Schwann cells in the presence of myelinated fibers. Neuroscience
115(1): 321-329.

5. LiS, Liquari P, McKee KK, Harrison D, Patel R, et al. (2005) Laminin-sulfatide
binding initiates basement membrane assembly and enables receptor signaling in
Schwann cells and fibroblasts. J Cell Biol 169(1): 179-189.

6. Page-McCaw A, Ewald AJ, Werb Z (2007) Matrix metalloproteinases and the
regulation of tissue remodelling. Nat Rev Mol Cell Biol 8(3): 221-233.

7. Chang C, Werb Z (2001) The many faces of metalloproteases: cell growth,
invasion, angiogenesis and metastasis. Trends Cell Biol 11(11):S37-43.

8. Leppert D, Hughes P, Huber S, Erne B, Grygar C, et al. (1999) Matrix
metalloproteinase upregulation in chronic inflammatory demyelinating poly-
neuropathy and nonsystemic vasculitic neuropathy. Neurology 53(1): 62-70.

9. Shubayev VI, Myers RR (2000) Upregulation and interaction of TNFo and
gelatinases A and B in painful peripheral nerve injury. Brain Research 855:83—
89.

10. Platt CI, Krekoski CA, Ward RV, Edwards DR, Gavrilovic J (2003)
Extracellular matrix and matrix metalloproteinases in sciatic nerve. J Neurosci
Res 74(3): 417-429.

11. Demestre M, Wells GM, Miller KM, Smith KJ, Hughes RA, et al. (2004)
Characterisation of matrix metalloproteinases and the effects of a broad-
spectrum inhibitor (BB-1101) in peripheral nerve regeneration. Neuroscience
124(4): 767-779.

12. La Fleur M, Underwood JL, Rappolee DA, Werb Z (1996) Basement membrane
and repair of injury to peripheral nerve: defining a potential role for
macrophages, matrix metalloproteinases, and tissue inhibitor of metalloprotei-
nases-1. J Exp Med 184(6): 2311-2326.

13. Kherif S, Dehaupas M, Lafuma C, Fardeau M, Alameddine HS (1998) Matrix
metalloproteinases MMP-2 and MMP-9 in denervated muscle and injured
nerve. Neuropathol Appl Neurobiol 24(4): 309-319.

14. Ferguson TA, Muir D (2000) MMP-2 and MMP-9 increase the neurite-
promoting potential of Schwann cell basal laminae and are upregulated in
degenerated nerve Mol Cell Neurosci 16: 157-167.

PLOS ONE | www.plosone.org

Figure $2 Quantitative MMP-2 gene expression analy-
sis. Time—course MMP-2 gene expression analysis for Schwann
cell line (A) and for primary Schwann cells (B) treated or untreated
with UTP (250 uM). MMP-2 mRNA levels were determined by
quantitative RT-PCR. GAPDH was used as a constitutive gene.
Statistical significance: *P=0.05, **P=0.01, and *** P=0.001.
(TIF)

Acknowledgments

This work is dedicated to the memory of Professor Nuria Durany Pich
(1961-2010). We thank Dr. Irene Bolea for a critical review of the
manuscript and Marta Garcia for technical assistance. We also thank Dr.
Juan Ignacio Diaz-Hernandez and Dr. Maria Teresa Miras-Portugal from
Universidad Complutense de Madrid (Madrid, Spain) for shRNA design

and constructions.

Author Contributions

Conceived and designed the experiments: AL AG. Performed the
experiments: AL TM MS AG. Analyzed the data: AL NC AG.
Contributed reagents/materials/analysis tools: JF'S RT NC AG. Wrote
the paper: AG. Revised the paper: AL RT NC CGM AG.

15. Krekoski CA, Neubauer D, Graham JB, Muir D (2002) Metalloproteinase-
dependent predegeneration in vitro enhances axonal regeneration within
acellular peripheral nerve grafts. J Neurosci 22(23): 10408-10415.

16. Hsu J-Y C, McKeon R, Goussev S, Werb Z, Lee J-U, et al. (2006) Matrix
Metalloprotease-2 facilitates wound healing events that promote functional
recovery after spinal cord injury. J Neurosci 26(39): 9841-9850.

17. Lehmann HC, Kéhne A, Bernal F, Jangouk P, Horste GMZ, et al. (2009) Matrix
metalloproteinase-2 is involved in myelination of dorsal root ganglia neurons.
Glia 57:479-489.

18. Zhang H, Chang M, Hansen CN, Basso DM, Noble-Hacusslein L] (2011) Role
of matrix metalloproteinases and therapeutic benefits of their inhibition in spinal
cord injury. Neurotherapeutics 8(2): 206-220.

19. Chattopadhyay S, Shubayev VI (2009) MMP-9 controls Schwann cell
proliferation and phenotypic remodeling via IGF-1 and ErbB receptor-mediated
activation of MEK/ERK pathway. Glia 57(12): 1316-1325.

20. Mantuano E, Inoue G, Li X, Takahashi K, Gaultier A, et al. (2008) The
hemopexin domain of matrix metalloproteinase-9 activates cell signaling and
promotes migration of schwann cells by binding to low-density lipoprotein
receptor-related protein. J Neurosci 28(45): 11571-11582.

21. Klepeis VE, Weinger I, Kaczmarek E, Trinkaus-Randall V' (2004) P2Y receptors
play a critical role in epithelial cell communication and migration. J Cell
Biochem 93:1115-1133.

22. Pintor J, Bautista A, Carrecedo G, Peral Assumpta P (2004) UTP and
diadenosine tetraphosphate accelerate wound healing in the rabbit cornea.
Ophtal Physiol Opt 24: 186-193.

23. Weinger I, Klepeis VE, Trinkaus-Randall V' (2005) Tri-nucleotide receptors play
a critical role in epithelial cell wound repair. Purinergic Signalling 1:281-292.

24. Boucher I, Rich C, Lee A, Marcincin M, Trinkaus-Randall V (2010) The P2Y2
receptor mediates the epithelial injury response and cell migration. Am J Physiol
Cell Physiol. 299(2):C411-21

25. Yang L, Cranson D, Trinkaus-Randall V (2004) Cellular injury induces
activation of MAPK via P2Y receptors. J Cell Biochem 91:938-950.

26. Abbracchio MP, Burnstock G, Verkhratsky A, Zimmermann H (2009)
Purinergic signalling in the nervous system: an overview. Trends Neurosci
32(1): 19-29.

27. Ralevic V, Burnstock G (1998) Receptors for purines and pyrimidines.
Pharmacol Rev 50(3): 413-492.

28. Davis RJ (1995) Transcriptional regulation by MAP kinases. Mol Reprod Dev
42: 459-467.

29. Seger R, Krebs EG (1995) The MAPK signaling cascade. Faseb J 9: 726-735.

30. Brunet A, Pouyssegur J (1996) Identification of MAP kinase domains by
redirecting stress signals into growth factor responses. Science 272: 1652-1655.

June 2014 | Volume 9 | Issue 6 | €98998



31.

32.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

51.

52.

54.

Johnson GL, Lapadat R (2002) Mitogen-activated protein kinase pathways
mediated by ERK, JNK, and p38 protein kinases. Science 298: 1911-1912.
Lakka SS, Jasti SL, Kyritsis AP, Yung WK, Ali-Osman F, et al. (2000)
Regulation of MMP-9 (type IV collagenase) production and invassiveness in
gliomas by the extracellular signal-regulated kinase and jun amino-terminal
kinase signaling cascades. Clin Exp Metastasis 18: 245-252.

Kim MS, Lee EJ, Kim HR, Moon A (2003) p38 kinase is a key signaling
molecule for H-Ras-induced cell movility and invasive phenotype in human
breast epithelial cells. Cancer Res 63: 5454-5461.

Arai K, Lee S-R, Lo EH (2003) Essential role for ERK mitogen-activated
protein kinase in matrix metalloproteinase-9 regulation in rat cortical astrocytes.

Glia 43(3): 254264,

. Huang C, Jacobson K, Schaller MD (2004) MAP kinases and cell migration.

J Cell Sci 117: 4619-4628.

Brockes JP, Fields KL, Raff MC (1979) Studies on cultured rat Schwann cells. 1.
Establishment of purified populations from cultures of peripheral nerve. Brain
Res 165(1):105-18.

Kreider BQ, Messing A, Doan H, Kim SU, Lisak RP, et al. (1981) Enrichment
of Schwann cell cultures from neonatal rat sciatic nerve by differential adhesion.
Brain Res 207(2): 433-444.

Elbashir SM, Harborth J, Lendeckel W, Yalcin A, Weber K, et al. (2001)
Duplexes of 2l-nucleotide RNAs mediate RNA interference in cultured
mammalian cells. Nature 411(6836): 494-498.

Yuan B, Latek R, Hossbach M, Tuschl T, Lewitter F (2004) siRNA Selection
Server: an automated siRNA oligonucleotide prediction server. Nucl Acids Res
32: WI130-W134.

Ando K, Obara Y, Sugama J, Kotani A, Koike N, et al. (2010) P2Y2 receptor-
Gq/ 11 signaling at lipid rafts is required for UTP-induced cell migration in NG
108-15 cells. J Pharmacol Exp Ther 1;334(3):809-19.

Martiafiez T, Carrascal M, Lamarca A, Segura M, Durany N, et al. (2012) UTP
affects the Schwannoma cell line proteome through P2Y receptors leading to
cytoskeletal reorganisation. Proteomics 12(1): 145-156.

Lazarowski ER, Harden TK (1999) Quantitation of extracellular UTP using a
sensitive enzymatic assay. Br J Pharmacol 127:1272-1278.

Elliott MR, Chekeni FB, Trampont PC, Lazarowski ER, Kadl A. et al. 2009)
Nucleotides released by apoptotic cells act as a find-me signal to promote
phagocytic clearance. Nature 461(7261):282-6.

Santiago-Pérez LI, Flores RV, Santos-Berrios C, Chorna NE, Krugh B, et al.
(2001) P2Y(2) nucleotide receptor signaling in human monocytic cells:
activation, desensitization and coupling to mitogen-activated protein kinases.
J Cell Physiol 187(2):196-208.

. Von Kiigelgen, Wetter A (2000) Molecular pharmacology of P2Y-receptors.

Naunyn Schmiedebergs Arch Pharmacol 362 (4-5): 310-323.

Von Kiigelgen (2006) Pharmacological profiles of cloned mammalian P2Y-
receptor subtypes. Pharmacol Ther 110(3):415-432.

Martiafiez T, Lamarca A, Casals N, Gella A (2013) N-cadherin expression is
regulated by UTP in schwannoma cells. Purinergic Signal 9(2):259-270.
Kennedy C, Burnstock G (1985) ATP produces vasodilation via Pl
purinoceptors and vasoconstriction via P2 purinoceptors in the isolated rabbit
central ear artery. Blood Vessels 22(3): 145-155.

Fields RD, Stevens B (2000) ATP: an extracellular signaling molecule between
neurons and glia. Trends Neurosci 23(12): 625-633.

. Gerevich Z, Illes P (2004) P2Y receptors and pain transmission. Purinergic

Signalling 1: 3-10

Van Kolen K, Slegers H (2006) Integration of P2Y receptor-activated signal
transduction pathways in G protein-dependent signalling networks. Purinergic
Signal 2(3):451-69.

Boucher I, Yang L, Mayo C, Klepeis V, Trinkaus-Randall V' (2007) Injury and
nucleotides induce phosphorilation of epidermal growth factor receptor: MMP
and HB-EGF dependent pathway. Experimental Eye Research 85: 130-141.

. Pillois X, Chaulet H, Belloc I, Dupuch F, Desgranges C, et al. (2002) Nucleotide

receptors involved in UTP-induced rat arterial smooth muscle cell migration.
Circulation Research 5: 678-681.

Lehmann HC, Kéhne A, Bernal F, Jangouk P, Meyer Zu Hoérste G, et al. (2009)
Matrix metalloproteinase-2 is involved in myelination of dorsal root ganglia
neurons. Glia 57(5): 479-489

PLOS ONE | www.plosone.org

12

UTP Promotes Schwannoma Cell Migration through MMP-2 Activation

56.

57.

58.

59.

60.

61.

63.

64.

66.

67.

68.

70.

76.

77.

. Wildman SS, Unwin RJ, King BF (2003) Extended pharmacological profiles of

rat P2Y2 and rat P2Y4 receptors and their sensitivity to extracellular H+ and
Zn2+ ions. Br J Pharmacol 140:1177-1186.

Li WH, Qiu Y, Zhang HQ, Liu Y, You JF, et al. (2013) P2Y2 receptor promotes
cell invasion and metastasis in prostate cancer cells. Br J Cancer 109(6):1666—
1675.

Braun OO, Lu D, Aroonsakool N, Insel PA (2010) Uridine triphosphate (UTP)
induces profribotic responses in cardiac fibroblast by activation of P2Y2
receptors. J Mol Cell Cardiol 49(3):362-369.

Vazquez-Cuevas FG, Zarate-Diaz EP, Garay E, Arellano RO (2010) Functional
expression and intracellular signalling of UTP-sensitive P2Y receptors in theca-
interstitial cells. Reprod Biol Endocrinol 8:88

Ferreira R, Schlichter LC (2013) Selective activation of KCa3.1 and CRAC
channels by P2Y2 receptors promotes Ca(2+) signaling, store refilling and
migration of rat microglial cells. PLos One 8(4):¢62345.

Ben Yebdri F, Kukulski F, Tremblay A, Sévigny J (2009) Concomitant activation
of P2Y(2) and P2Y(6) receptors on monocytes is required for TLR1/2-induced
neutrophil migration by regulating IL-8 secretion. Eur J Immunol 39(10): 2885
2894.

Rodriguez-Zayas AE, Torrado Al, Miranda JD (2010) P2Y2 receptor expression
is altered in rats after spinal cord injury. Int J Dev Neurosci 28(6):413-421.

. Wanner IB, Wood PM (2002) N-cadherin mediates axon-aligned process growth

and cell-cell interaction in rat Schwann cells. J Neurosci 15;22(10):4066-79.
Sheu JY, Kulhanek DJ, Eckenstein FP (2000) Differential patterns of ERK and
STAT3 phosphorylation after sciatic nerve transection in the rat. Exp Neurol
166(2): 392-402.

Woodhoo A, Alonso MB, Droggiti A, Turmaine M, D’Antonio M, et al. (2009)
Notch controls embryonic Schwann cell differentiation, postnatal myelination
and adult plasticity. Nat Neurosci 12(7): 839-847.

5. Kaempchen K, Miclke K, Utermark T, Langmesser S, Hanemann CO (2003)

Upregulation of the Racl/JNK signaling pathway in primary human
schwannoma cells. Hum Mol Genet 12(11): 1211-1221.

Yamauchi J, Chan JR, Shooter EM (2003) Neurotrophin 3 activation of TrkC
induces Schwann cell migration through the c-Jun N-terminal kinase pathway.
Proc Natl Acad Sci USA 100(24): 14421-14426.

Zine A, van de Water TR (2004) The MAPK/JNK signalling pathway offers
potential therapeutic targets for the prevention of acquired deafness. Curr Drug
Targets CNS Neurol Disord 3(4): 325-332.

Newbern JM, Li X, Shoemaker SE, Zhou J, Zhong J, et al. (2011) Specific
functions for ERK/MAPK signaling during PNS development. Neuron 69(1):
91-105.

59. Hossain S, de la Cruz-Morcillo MA, Sanchez-Pricto R, Almazan G (2012)

Mitogen-activated protein kinase p38 regulates krox-20 to direct schwann cell
differentiation and peripheral myelination. Glia 60(7): 1130-1144.

Yang DP, Kim J, Syed N, Tung YJ, Bhaskaran A, et al. (2012) p38 MAPK
Activation Promotes Denervated Schwann Cell Phenotype and Functions as a
Negative Regulator of Schwann Cell Differentiation and Myelination. J Neurosci
32(21): 7158-7168.

Gurjar MV, Deleon J, Sharma RV, Bhalla RC (2001) Role of reactive oxygen
species in IL-1 beta-stimulated sustained ERK activation and MMP-9 induction.
Am ] Physiol Heart Circ Physiol. 281(6): H2568-2574.

. Lien SC, Usami S, Chien S, Chiu JJ (2006) Phosphatidylinositol 3-kinase/Akt

pathway is involved in transforming growth factor-betal-induced phenotypic
modulation of 10T1/2 cells to smooth muscle cells. Cell Signal 18(8): 1270-8.

. Murphy LO, Smith S, Chen RH, Fingar DC, Blenis J (2002) Molecular

interpretation of ERK signal duration by immediate early gene products. Nat
Cell Biol 4(8): 556-564.

. Weisman GA, Ajit D, Garrad R, Peterson TS, Woods LT, et al. (2012)

Neuroprotective roles of the P2Y(2) receptor. Purinergic Signal 8(3):559-578.

. He Y, Kim JY, Dupree J, Tewari A, Melendez-Vasquez C, et al. (2010) Yyl as a

molecular link between neuregulin and transcriptional modulation of peripheral
myelination. Nat Neurosci 13(12):1472-1480.

Carroll SL, Miller ML, Frohnert PW, Kim SS, Corbett JA (1997) Expression of
neuregulins and their putative receptors, ErbB2 and ErbB3, is induced during
Wallerian degeneration. J Neurosci 17(5):1642-1659.

Birchmeier C, Nave KA (2008) Neuregulin-1, a key axonal signal that drives
Schwann cell growth and differentiation. Glia 56(14):1491-1497.

June 2014 | Volume 9 | Issue 6 | €98998



