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Abstract
The early events that occur rapidly after injury trigger signal cascades that are essential for proper
wound closure of corneal epithelial cells. We hypothesize that injury releases ATP, which stimulates
purinergic receptors and elicits the phosphorylation of epidermal growth factor receptor (EGFR)
tyrosine residues and subsequent cell migration by a MMP and HB-EGF dependent pathway. We
demonstrated that the inhibition of purinergic receptors with the antagonist, Reactive Blue 2,
abrogated the phosphorylation of EGFR and ERK. Preincubation of cells with the EGFR kinase
inhibitor, AG1478, and subsequent stimulation by injury or ATP resulted in a decrease in
phosphorylation of EGFR and migration. Furthermore, downregulation of EGFR by siRNA,
inhibited the EGF induced intracellular Ca2+ wave. However, the response to injury and ATP was
retained indicating the presence of 2 signaling pathways. Inhibition with either CRM197 or TIMP-3
decreased injury and nucleotide induced phosphorylation of both EGFR and ERK. Incubation in the
presence of a functional blocking antibody to HB-EGF also resulted in a decrease in the
phosphorylation of EGFR. In addition, cell migration was inhibited by CRM197 and rescued when
cells were incubated with HB-EGF. We showed that injury induced phosphorylation of specific
tyrosine residues and found that a similar pattern of phosphorylation was induced by trinucleotides.
These studies indicate that injury induced purinergic receptor activation leads to phosphorylation of
EGFR, ERK and migration.
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1. Introduction
Corneal epithelial wound repair requires remodeling of cytoskeletal and extracellular matrix
proteins as well as changes in signal cascades, gene regulation and migration. Nucleotides may
be released from cells via physical injury, pores in channels, or exocytotic release upon ligand
binding causing a rapid elevation in intracellular Ca2+ (Burnstock 1997; Abbracchio and
Burnstock, 1998; Neary et al.,1999; Schwiebert and Zsembery, 2003; Yang et al., 2004; Klepeis
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et al., 2001; Klepeis et al., 2004; Weinger et al., 2005; Pintor et al., 2004). The extracellular
nucleotides stimulate cells by activation of P2 purinergic receptors present on the cell surface.
The receptors are divided into two families, P2X and P2Y receptors. The P2X receptors play
an important role in excitable cell types and are ligand gated channels that permit Ca2+ entry
from extracellular stores after nucleotide binding (Burnstock 1997; Abbracchio and Burnstock,
1998). The P2Y receptors are G-protein coupled receptors (GPCRs) that stimulate the release
of intracellular Ca2+ by phospholipase C β-mediated hydrolysis and activation of the IP3
pathway. We have shown that epithelial cells express P2Y receptors (1,2,4,6 and 11) and that
Reactive Blue 2 (RB-2), an antagonist of P2YR, impairs wound closure (Klepeis et al.,
2004). In live cell imaging experiments, injury induces the propagation of a Ca2+ wave, which
occurs in the absence of extracellular Ca2+ but is inhibited with thapsigargin or BAPTA
(Klepeis et al., 2001; Weinger et al., 2005). Furthermore, when the wound medium or ATP is
treated with apyrase and then applied to cells, both cell migration and the Ca2+ wave are
inhibited, while untreated medium elicits a typical Ca2+ wave. ATP and UTP have been shown
to play a critical role in the propagation of injury induced Ca2+ waves while ADP, UDP and
BzATP have not (Weinger et al., 2005). The data indicate that the trinucleotide P2Y receptors
play a role in the Ca2+ response that occurs immediately after injury.

Epidermal growth factor receptors (EGFRs) are present in epithelium and play a critical role
in cell migration and wound repair (Klepeis et al., 2001; Schultz et al., 1994; Song et al.,
2001; Song et al., 2003; Wilson et al., 1999; Zieske et al., 2000). Injury to the epithelium can
occur via physical trauma through accidents, surgery, or viral and bacterial infections. We
hypothesize that stimulation of the P2Y receptors and activation of IP3 induces the
phosphorylation of EGFR. While both nucleotides and epidermal growth factor (EGF) induce
the propagation of a Ca2+ wave, the characteristics of the wave and the time course are distinct.
In addition, inhibition of the EGF induced wave with AG1478 does not inhibit the injury-
induced wave (Klepeis et al., 2001). When cells were either prestimulated with nucleotides or
injured and then stimulated with EGF, the Ca2+ response was significantly lowered (Weinger
et al., 2005).

Nucleotides, injury to cells and the conditioned medium collected from wounded cultures
induce activation of ERK. In addition, GPCR-induced stimulation of cell proliferation and cell
motility has been shown to require phosphorylation of EGFR (Gschwind et al., 2001). While
EGF is not detected after injury (Yang et al., 2004), release of heparin binding epidermal-like
growth factor (HB-EGF) has been detected in the extracellular matrix during development or
injury in a number of cell types (Xu et al., 2004; Prenzel et al., 1999; Prenzel et al., 2000;
Wetzker and Bohmer, 2003; Gschwind et al., 2001; Fischer et al., 2004). Furthermore,
stimulation of GPCRs can cause activation of metalloproteases leading to cleavage of pro-HB-
EGF on the cell surface (Prenzel et al., 2000; Wetzker and Bohmer, 2003). In addition, P2Y
receptors have been shown to recruit Src for induction of downstream signaling events such
as activation of EGFR (Liu et al., 2004).

In this study we tested the hypothesis that inhibition of purinergic receptors decreases the injury
induced phosphorylation of specific residues of EGFR. Neither phosphorylation of ERK nor
propagation of Ca2+ waves was detected when cells transfected with siRNA to EGFR were
stimulated with EGF. However, the cells did respond to injury or ATP indicating the presence
of two distinct but complimentary pathways. Treatment of cells with inhibitors of HB-EGF
prior to injury resulted in a decrease in phosphorylation of both EGFR and ERK indicating
that transactivation is critical. In addition live cell imaging experiments showed that HB-EGF
was able to rescue the inhibition caused by CRM197. We hypothesize that the signaling is
proposed to occur via a MMP and HB-EGF dependent pathway. In this study we present the
novel finding that rapid release of ATP with injury induces purinergic receptors that mediate
the activation of the EGFR signaling pathway.
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2. Materials and methods
2.1 Reagents

Antibodies directed against total ERK1/2 and active MAPK were purchased from Promega
(Madison, WI). Antibodies directed against different phosphorylated tyrosine sites on EGFR
(845, 1068, 1086, 1148 and 1173) were obtained and used in the presence and absence of
control peptides from BioSource (Camarillo, CA). Antibodies and control peptides were
evaluated in preliminary experiments with different concentrations of EGF to assess specificity
and to determine optimization. HB-EGF and the functional blocking antibody were purchased
from R and D (Minn). Fluo-3/AM, and pluronic acid were purchased from Molecular Probes
(Eugene, OR). The pan antibody to EGFR, PY20, secondary antibodies (HRP-conjugated goat
anti-rabbit and anti-mouse IgG for immunoblot analysis), and protein A were from Santa Cruz
(Santa Cruz, CA) while the BCA Protein Assay kit was purchased from Pierce (Rockford, IL).
Adenosine triphosphate (ATP), uridine tri-phosphate (UTP), adenosine diphosphate (ADP),
uridine diphosphate (UDP), Reactive Blue-2 and other routine chemicals were obtained either
from Sigma (St. Louis, MO) or from American Bioanalytical (Natick, MA). EGFR siRNA was
purchased from Ambion (Austin, TX), while the mismatched control sequences were
purchased from Dharmacon (Lafayette, CO). CRM197 and TIMP-3 were purchased from
Calbiochem (San Diego, CA). The ATP determination kit was purchased from Molecular
Probes-Invitrogen Detection Technologies (Eugene OR).

2.2 Cell Culture
A human corneal epithelial cell line established by Araki-Sasaki (Araki-Sasaki et al., 1995)
was developed using a recombinant SV40 adenovirus vector. Previous experiments have been
performed comparing primary epithelial cells and the corneal epithelial cell line (Weinger et
al., 2005). Cells were seeded at a density of 104 cells/cm2 cultured in keratinocyte-SFM
medium (K-SFM) supplemented with 30 μg/ml bovine pituitary extract, 0.1 ng/ml EGF, 100
U/ml penicillin and 100 μg/ml streptomycin (Gibco Invitrogen, Carlsbad,CA) (Klepeis et al.,
2001). Twenty-four hours prior to the experiment, EGF and bovine pituitary extract were
removed. Porcine aortic endothelial (PAE) cells lacking the EGFR or transfected with it were
established previously and used as model cells for evaluating the role of the EGFR (Riese et
al., 1995; Meyer et al., 2002). Phosphorylation of ERK and EGFR were evaluated after cells
were either wounded or stimulated with nucleotides.

2.3 siRNA Transfection
Transfection of 21-nucleotide siRNA targeting EGFR was performed. Briefly, EGFR siRNA
(siRNA ID # 644 and the sequence with 2 mismatches (GGUAGAAAAGAUGAAACUATG)
was transfected using siPORT amine (Ambion, Austin TX) after the optimum conditions for
siPORT were established. Live cell imaging and western blot analysis were performed on the
same cohort of cells to demonstrate the efficacy of transfection. Cells were plated on 2 well
chambered coverslips, siPORT amine and siRNA (5 nM) were added and cultured for 16 hours,
at which time medium was added and cells were cultured for an additional 24 hours. Cells were
evaluated for the ability to propagate a Ca2+ wave in response to EGF followed by ATP. Cell
lysates were immediately harvested and evaluated for total EGFR, pERK and total ERK.

2.4 Calcium Imaging
Epithelial cells (HCE-Ts) were grown to confluency and Ca2+ imaging was performed as
previously described (Klepeis et al., 2001). Briefly, cells were incubated in an HEPES-buffered
saline solution containing 137 mM NaCl, 5 mM KCl, 4 mM MgCl2, 3 mM CaCl2·2H2O, 25
mM glucose and 10 mM HEPES (Cornell-Bell et al., 1990) and loaded with the Ca2+ indicator
dye fluo-3/AM (5 μM). The cells were imaged using a Zeiss LSM 510 Axiovert confocal laser
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scanning microscope equipped with an Argon and 2 HeNe lasers. All perturbations were made
while continuously scanning the cells every 789 milliseconds. Cells were perfused with
HEPES-buffered saline prior to stimulation or injury to establish a base line fluorescence
reading. Cells were stimulated with agonist prepared in HEPES-buffered saline and washed
with HEPES-buffered saline. Ca2+ dynamics were evaluated as described (Klepeis et al.,
2001; Cornell-Bell et al., 1990).

2.5 Scrape Wound Assay for biochemical analysis
Cells were grown to confluency. For each biochemical experiment, cells were washed once
with phosphate buffered saline (PBS pH7.2) and scrape wounds were made at a density of 2.5
mm/wound in P100 culture dishes (Haq and Trinkaus-Randall, 1998). To determine the injury
response, lysates were collected at various times after injury and analyzed using
immunoprecipitation and/or western blot analysis.

2.6 Migration Assays
The transwell migration assay was performed as described (Weinger et al 2005, Klepeis et al
2004). Briefly, cells were pre-incubated in the presence or absence of AG1478 (10 nM),
trypsinized, and resuspended to a concentration of 125,000 cells/100 μl in binding buffer in
the presence or absence of AG1478. Binding buffer, with or without stimuli was placed in the
wells of a 24 well plate. Costar Transwell inserts were placed into the wells, and 125,000 cells
were added to the inserts. Experiments were conducted for 8 hours at 37°C.

The directed migration assay (scratch wounds) was performed on the LSM 510. Confluent
cells in 8 well chamber slides were treated with control medium, inhibitors and/or agonists and
then placed on the heated microscope stage. Cells were maintained at 37°C and 5% CO2 using
the Zeiss Environmental Chamber. Two wounds were made per well and contiguous regions
along the wound were imaged every 20 minutes. The autofocus function was set to focus at
each time point prior to imaging. After 20 hours the images were compiled using the Zeiss
LSM 510 Multi-Time Software, and the LSM 510 software was used to measure changes in
the wound area over time. Percent change in area was calculated. Repeats were performed
within runs and between runs to assess consistency. Statistical significance was determined
using the one way ANOVA followed by Tukey's post hoc test.

2.7 Measurement of ATP Released with Injury
The release of ATP after injury was assayed using a luciferin-luciferase bioluminescence assay
according to the protocol of Molecular Probes. The assay is based on the requirement of ATP
for luciferase to produce light. Cells were cultured to confluency in P-35's and the medium
was replaced with 250 μl HEPES. Cultures were wounded and 10 μl of the medium was
removed immediately after injury and measured using a luminometer (Luminoskan Ascent 2.5,
Thermo Lab Systems Waltham, MA). The ATP released into the medium of injured cells was
compared to control cells (medium change only). Experiments were performed five times with
an internal replicate of three each time.

2.8 Immunoprecipitation
Cells were cultured to confluency, washed with PBS, placed on ice and lysed in 10 mM Tris-
HCl (pH 7.4) containing 0.1% SDS, 1% Triton X-100, 1% deoxycholate, 5 mM
ethylenediamine-tetraacetic acid (EDTA), 2 mM phenylmethylsulfonyl fluoride (PMSF), 2
mM sodium orthovanadate (Na3VO4), 1μg/ml aprotinin, 1μg/ml leupeptin and 1μg/ml
pepstatin. The lysates were centrifuged at 10,000g for 15 minutes at 4°C. The supernatant was
precleared with protein A beads and mouse IgG, and the primary antibody was added to the
supernatant at the concentration of 5μg/ml, followed by overnight incubation at 4°C. Washed
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protein A slurry was added to the supernatant and rocked at 4°C for 4 hours. The mixture was
centrifuged at 3,000g for 30 seconds at 4°C, and the pellet was washed with lysis buffer and
prepared for SDS-PAGE. The resulting phosphorylation was normalized to total EGFR.

2.9 SDS PAGE and Western Blot Analysis
Lysates were collected and sheared as described previously (Yang et al., 2004). The protein
concentration of the supernatant was determined using the BCA assay. Equivalent amounts of
protein from each lysate (40 μg) were subjected to SDS-PAGE and transferred to polyscreen
PVDF membrane (PerkinElmer, Boston, MA). Blots were blocked in a Tris buffer (10 mM
Tris, 100 mM NaCl, 0.1% Tween-20) containing 0.2% I-block (Applied Biosystems, Foster
City, CA) and membranes were incubated with appropriate primary antibodies, washed and
incubated with appropriate secondary antibodies and rinsed with TBST. Immunodot blot assays
were performed on the lysates collected from the 2 well slides and probed for pERK and ERK.
Visualization was performed by enhanced chemiluminescence (PerkinElmer, Boston MA) and
quantified with the Kodak Imaging system. Responses were normalized to control.

2.10 Immunohistochemical Analysis
Cells were grown to confluency and either stimulated with EGF or scrape wounded. A parallel
group of cells were incubated with TIMP-3 for one hour prior to stimulation. After 5 min, cells
were rinsed with PBS, fixed for 20 min with 3.7% formalin (pH 7.2). Cells were prepared for
immunohistochemical staining as described previously (Klepeis et al., 2004). Cells were
blocked with 5% BSA/PBS and then incubated overnight at 4°C with the antibody of interest
in 3% BSA/PBS. Cells were rinsed with PBS, blocked and incubated with Alexa 488 anti-
mouse IgG (Invitrogen, Eugene OR). Negative controls were incubated without the primary
antibody. Cells were imaged and analyzed on a Zeiss LSM 510 Axiovert confocal laser
scanning microscope as described previously (Klepeis et al., 2004; Song et al., 2003).

3. Results
3.1 Injury Induced Response is Mediated by Purinergic and EGF Receptors

Our goal was to determine if the injury induced phosphorylation of EGFR and ERK and
resulting wound repair is mediated by cross-talk between purinergic and growth factor
receptors. We demonstrated that ATP is the active component released with injury, which
induces biological responses (i.e. migration, mobilization of Ca2+ or phosphorylation of ERK).
We have shown that migration was induced when medium collected from injured cultures was
added to control cells and we demonstrated that the response was inhibited with apyrase
(Klepeis et al 2001; 2004; Yang et al 2004; Weinger et al 2005). To determine the concentration
of ATP released from injury, cells were cultured to confluency, the medium was removed,
HEPES was added and scratch wounds were made. Control cells received a medium change
without injury. The concentration of ATP was determined using a bioluminescence assay. We
found that the mean ATP released with injury was 0.63 μM compared to control (0.08 μM)
(Figure 1A). There was a consistent 8 fold increase over control. While the concentration of
ATP released into the medium is less than that used in the experimental assays, it is capable
of inducing a biological response and is detected on our dose response curve (Weinger et al
2005). The concentration used elicits a strong, consistent non-saturating response, which elicits
optimal phosphorylation of the EGFR.

To determine if inhibiting the purinergic receptors results in a decrease in the phosphorylation
of EGFR and ERK after injury, cells were incubated with Reactive Blue 2 (RB-2), an antagonist
of purinergic receptors. Cells were incubated in the presence or absence of RB-2 (100 μM) and
the cell cultures were subjected to a medium change. The cells were injured or stimulated with
ATP (25 μM) and incubated for 5 min. Lysates were collected, subjected to SDS-PAGE and
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immunoblotted with antibodies to phosphoEGFR, total EGFR, phosphoERK and total ERK.
A reduction in pEGFR and pERK was detected in the cell cultures that were incubated with
RB-2 and injured or stimulated with ATP (Figure 1B). No change in phosphorylation was
detected in controls (medium change) in the presence or absence of RB-2. These indicate that
injury induced release of ATP activates purinergic receptors, which initiates down stream
signaling cascades resulting in the phosphorylation of EGFR and ERK.

To determine if injury induced phosphorylation of ERK is mediated by cross talk with EGF,
cells were injured in the presence or absence of the EGFR kinase inhibitor, AG1478, (10 nM).
Cells were injured and lysates were collected after 5 min and compared to lysates from cells
treated with ATP (50 μM) or EGF (0.5 nM) for 5 min. Lysates were probed with antibodies
directed against ERK and pERK, or immunoprecipitated with an antibody directed against
EGFR and immunoblotted with antibodies directed against EGFR or PY20. The
phosphorylation of EGFR induced by injury or ATP resembled that induced by EGF (Figure
1C). When cells pretreated with AG1478 were stimulated with ATP or injured and probed for
phosphorylated EGFR there was a decrease in phosphorylation to control levels (Figure 1C).
Cells incubated under the same treatment regimen displayed a consistent decrease in pERK in
the presence of AG1478. As predicted, when cells were pretreated with AG1478 and stimulated
with EGF, inhibition was almost complete. Controls (uninjured and/or untreated medium
change) displayed no change in phosphorylation (Figure 1C). The role of the EGFR in ATP
induced migration was verified in chemotactic Transwell migration assays (Figure 1D). In
these experiments cells were pre-incubated in the presence or absence of AG1478, and
stimulated with ATP or EGF. Controls were incubated in binding buffer. Cell migration in the
presence of the binding buffer and inhibitor was negligible. Cells stimulated with either ATP
or EGF in binding buffer migrated 8 fold more than cells incubated in the presence of binding
buffer containing AG1478. Together these data indicate active cross talk between the P2Y and
EGFR signaling pathways.

To evaluate the role of the EGFR in injury and wound repair, cells were transfected with EGFR
siRNA or a control sequence with 2 mismatched nucleotides. Western blot analysis of
transfected and control cells demonstrated a 60% decrease in EGFR expression (Figure 2A).
Transfected cultures were stimulated by injury, ATP or EGF and live cell confocal imaging of
the cells was followed by immunoblot analysis. Prior experiments demonstrated that injury,
ATP and EGF induced an increase in intracellular Ca2+ (Klepeis et al., 2001; Klepeis et al.,
2004; Weinger et al., 2005). When transfected cells were stimulated with EGF there was only
a negligible increase in intracellular Ca2+, while the controls (siPORT and sequence with 2
mismatches) responded to EGF in a significantly greater manner (t-test p≤0.001) (Figure 2B).
In contrast, there was no significant difference in response to injury and ATP between
transfected and control cells (Figure 2B) indicating that the cells retained the ability to activate
purinergic receptors. To assay if the EGFR was required for phosphorylation of ERK, the same
cells that were analyzed by live cell confocal imaging were lysed and probed for pERK. The
phosphorylation of ERK in the transfected cells was significantly decreased compared to
control cells (t-test p≤0.05) (Figure 2C). These results indicate that the injury induced
mobilization of Ca2+ is upstream of EGFR. Confirmatory experiments were performed with
porcine aortic endothelial cells (PAE), a cell line that lacks EGFR family members. PAE cells
lacking the EGFR exhibited negligible ERK phosphorylation in response to injury and EGF
(Figure 2D). However, ATP induced a detectable response, which was similar to that detected
when cells pre-incubated with AG1478 were stimulated with ATP (Figure 1C). When cells
stably transfected with the EGFR were stimulated by injury, ATP or EGF, phosphorylation of
ERK was present. These results indicate that there was an interaction between the two signaling
pathways.
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3.2 Mechanism of Phosphorylation of EGF Receptor by Injury and Nucleotides
While ATP was detected in the wound medium, we did not detect EGF in the wound medium
(ELISA assay; data not shown). This finding was supported by previous observations in our
system where EGF induced a response that had different temporal characteristics than the injury
response (Klepeis et al 2001). We predict that the activation of the EGFR by purinergic
receptors occurs after HB-EGF is released from the cell membrane. In our model system, HB-
EGF was detected in the medium in the picomolar range (three fold over unwounded control)
by ELISA after cells were injured (data not shown). To determine if picomolar concentrations
of HB-EGF can induce a wound healing response, transwell migrations were performed. While
maximal migration of cells occurred at 1 nM, migration at 10 and 100 pM was greater than 3.5
fold over control (binding buffer) (Figure 3A). Therefore, while the concentration of HB-EGF
released into the medium is less than that used in some of the experimental assays presented
here, it is capable of inducing a biological response. As previously shown (Klepeis et al
2004), high concentrations did not induce migration. To further test the role of HB-EGF, injured
and control cells were incubated in the presence or absence of the functional blocking antibody
to HB-EGF. While injury induced the phosphorylation of the EGFR, the presence of the
functional blocking antibody caused a reduction in the phosphorylation of EGFR (Figure
3B).When HB-EGF was added to cells EGFR was phosphorylated. Control experiments were
conducted where HB-EGF and antibody were preincubated prior to the addition to cells and
phosphorylation was reduced (Figure 3B).

To test if injury utilizes a cross-activation pathway (P2YR-EGFR), CRM197, a nontoxic
mutant of diphtheria toxin that binds and inactivates pro-HB-EGF, was used to block its release
(Fischer et al 2004; Pierce et al 2001; Prenzel et al 1999). Epithelial cells were pre-incubated
with CRM197 (40 μg/ml), stimulated with injury or nucleotide, immunoprecipitated with a
polyclonal antibody directed to EGFR and immunoblotted with the antibody, PY20. When
cells were pre-incubated with CRM197 and injured or stimulated with ATP, the
phosphorylation of EGFR was similar to control untreated cells (Figure 4A). There was a minor
change in the EGF treated cells, and in the control cells (pre-incubated with CRM197 but
treated with only a medium change). To determine if the release of pro-HB-EGF occurred by
metalloprotease-mediated cleavage, experiments were conducted where cells were pre-
incubated with TIMP-3 (50 ng/ml). When cells preincubated with TIMP-3 were injured there
was over a 64% decrease in phosphorylation (Figure 4B). A similar decrease was detected
when cells were stimulated with ATP.

Parallel experiments were performed as described above and lysates were subjected to SDS-
PAGE and immunoblotted with antibodies to pERK and total ERK. When pretreated cells were
injured, there was a 92% reduction in phosphorylation of ERK (Figure 4C). A smaller decrease
(66%) was observed when cells were stimulated with ATP. Unstimulated cells did not induce
phosphorylation of ERK (Figure 4C). Cells that were pre-incubated with TIMP-3 and injured
did not display any detectable phosphorylation (Figure 4D). When cells were stimulated with
ATP there was a similar reduction. In control experiments, when cells were preincubated with
TIMP-3 and stimulated with EGF, phosphorylation of ERK was present. Together these data
demonstrate that injury induced phosphorylation of EGFR and ERK requires the release of
HB-EGF by metalloproteases.

3.3 Wound Closure is Mediated through HB-EGF
The role of HB-EGF in migration assays was determined by using live cell imaging to monitor
the closure of scratch wounds. Cells were cultured to confluency in 8-well cover slips in the
presence or absence of CRM 197 or CRM 197 and HB-EGF and wounds were made in each
well. Adjacent images were taken along the wound margin so that a large contiguous region
could be analyzed. Images were collected every 20 minutes at each site for 20 hrs and a
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representative time course for each condition is shown (Figure 5A). In the initial period, cells
in all of the experimental groups migrated at a similar rate. Cells that were incubated in the
presence of CRM 197 showed decreased migration after two to three hours. However, this
decrease was rescued when cells were incubated in medium containing CRM197 and HB-EGF
(Figure 5A). At 20 hours, cells incubated in CRM197 only closed 19%, while controls closed
45%. However, cells cultured in the presence of CRM197 and HB-EGF closed 37% (Figure
5B). A similar trend was detected in the presence of TIMP-3 (data not shown). These indicate
that wound closure requires the release of HB-EGF.

3.4 Injury and ATP induce tyrosine phosphorylation of EGF receptors
Our goal was to determine which tyrosine residues on EGFR are phosphorylated by injury or
ATP, compared to EGF. The cell lysates were probed with antibodies generated against
phosphotyrosine residues (845,1068, 1086, 1148 and 1173). Phosphorylation of 1068, 1086
and 1173 was detected in response to injury and ATP (Figure 6A). In these experiments, a low
concentration of EGF (0.5 nM) was used to achieve levels of phosphorylation comparable to
that induced by ATP. Preliminary experiments demonstrated that concentrations greater than
0.5nM showed detectable cross phosphorylation of control cells lacking specific tyrosine
residues. Immunohistochemical studies where cells were pre-incubated in the presence or
absence of TIMP-3 and then injured and probed with the antibodies against phosphotyrosine
residues were performed. Expression was greatest for 1068, 1086 and 1173 (Figure 6B), which
supported the western blot analysis (Figure 6A). Cells pretreated with TIMP-3 showed a
general decrease in fluorescence compared to controls (untreated and lack of primary antibody).
Interestingly, 1173 did not decrease.

To determine if the response was limited to ATP or was common for di- and trinucleotides,
cells were stimulated with either trinucleotides ATP, UTP or dinucleotides ADP and UDP.
Phosphorylation of EGFR upon stimulation by UTP was comparable to stimulation with ATP
at sites 1068, 1086 and 1173 (Figure 6C). ADP induced phosphorylation of 1068 and 1173 but
not 1086. Interestingly, UDP, which did not induce migration (Weinger et al., 2005), did not
induce phosphorylation of any of the sites evaluated (Figure 6C). These indicate that the injury
induced response caused a specific phophorylation profile that correlated with stimulation by
ATP or UTP.

4. Discussion
The epithelial wound model provides an excellent system to understand the role of the EGFR
in injury induced migration. We hypothesized that the injury of corneal epithelial cells releases
ATP and activates purinergic receptors, which induce downstream signaling events including
the mobilization of Ca2+, release of HB-EGF from the membrane, phosphorylation of EGFR
and ERK and cell migration. The release of ATP from injury was demonstrated and the
concentration is supported by investigators who studied its released by mechanical stimulation
(Okada et al 2006, Lazarowski et al 1997). Conversely, RB-2 inhibited injury induced
phosphorylation of EGFR and ERK indicating that the release of ATP and activation of
purinergic receptors was a critical event in signaling after injury. We have shown that injury
or treatment with nucleotides induced the phosphorylation of ERK and the propagation of an
intercellular Ca2+ wave that spread rapidly to adjacent cells (Yang et al., 2004; Klepeis et al.,
2001; Klepeis et al., 2004; Weinger et al., 2005). Furthermore, desensitization was induced by
stimulation with nucleotides prior to injury. The events were inhibited when wound media pre-
incubated with apyrase was added to cells (Yang et al., 2004; Klepeis et al., 2004). The response
to the release of nucleotides and activation of nucleotide receptors has been shown to elicit
activation of PLC-β, production of IP3 and DAG, and proliferation in other cell systems (Neary
et al., 1999). Cell migration was abrogated when the media was either preincubated with
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apyrase or incubated in the presence of RB-2 (Klepeis et al., 2004; Weinger et al 2005).
Together these data indicate that the initial release of ATP via injury stimulates the onset of a
complex signaling pathway.

We hypothesize that the EGFR acts as an integrator of the signals that are induced by injury
and activation of the purinergic receptors, and those where growth factors directly activate the
EGFR. These studies extend the previous results demonstrating that the response to epithelial
injury involved the upregulation of EGFR (Zieske et al 2000, Schultz et al 1992 and 1994,
Song et al 2003). Our hypothesis is supported by studies where the addition of exogenous ATP
to cells transfected with EGFR siRNA resulted in a decrease in pERK indicating that its
phosphorylation required the activation of the EGFR. Furthermore, injury and the addition of
exogenous ATP induced the mobilization of Ca2+, while the addition of EGF to the transfected
cells did not elicit a response. These data indicate that the mobilization of Ca2+ is upstream of
the EGFR while the phosphorylation of ERK is downstream (Figure 7). In proof-of-principle
experiments, PAE cells lacking endogenous EGFR failed to exhibit an injury induced
phosphorylation of ERK. However, ATP did induce an abrogated pERK. The reduction in the
nucleotide induced phosphorylation of ERK in cells lacking the EGFR agrees with the partial
decrease detected when cells were incubated in the presence of CRM197 or TIMP-3, which
inactivate HB-EGF. The lack of complete inhibition in the presence of ATP could be due to
the fact that it is in excess compared to the concentration released by injury. Alternatively,
other studies have shown that phosphorylation of ERK may occur via P2YRs and other GPCRs
and be independent of EGFR (Andreev, et al., 2001; Montiel, et al., 2006) (Figure 7).

A number of investigators have shown that stimulation of GPCRs leads to release of HB-EGF
and activation of the EGFR (Block et al., 2004; Pierce et al., 2001; Prenzel et al., 1999; Schafer
et al 2004b; Shah et al 2004). Activation of the GPCRs can stimulate the ADAM family of
matrix metalloproteases that release the EGFR ligands (Fischer et al., 2004; Yan et al., 2002;
Schafer et al., 2004b). The use of metalloprotease inhibitors has been shown to block the release
of EGFR ligands from cells (Tokumaru et al., 2000). HB-EGF release has been detected in a
number of systems including acute renal injury and wounded keratinocytes (Sakai et al.,
1997; Tokumaru et al 2000). The use of functional blocking antibodies inhibited the responses
induced by this release (Shah et al 2004, Block et al 2004, Xu et al 2004 and 2006). In our
system HB-EGF blocking antibody inhibited wound induced EGFR phosphorylation (Figure
3). In addition, CRM197 was an effective inhibitor of cell migration in scratch wound assays
(Figure 5). The observation that the wound repair can be rescued with the addition of HB-EGF
indicates that migration depends on the availability and/or release of HB-EGF into the medium.
These data support our hypothesis that the purinergic receptors are one member of the family
of GPCRs that are hypothesized to participate in the cross talk with EGFR via release of HB-
EGF (Schafer et al 2004a).

Previously, cross talk between the purinergic and EGF receptors was detected in live cell
imaging studies when cells pre-stimulated with ATP or UTP showed a decreased response to
EGF (Weinger et al., 2005). This response was specific and did not occur when cells were pre-
stimulated with BzATP or di-nucleotides. These indicate that the tri-nucleotide receptors
(P2Y2 and P2Y4) played a critical role in the initial wound response. Adenosine and its specific
receptors were not evaluated as it did not elicit a Ca2+ wave, induce phosphorylation of ERK
or play a role in cell migration in corneal epithelial cells (Klepeis et al., 2004). In
cardiomyocytes, the nucleotide UTP has been shown to transactivate EGFR (Morris et al.,
2004). Still other work has shown that activation of P2Y2 receptors in PC12 cells induced
EGFR in a PKC dependent manner (Soltoff 1998). In yet another cell line, the mechanism of
activation has been evaluated using 1321N1 astrocytoma cells, where mutant P2Y2 receptors
lacking the PXXP motif stimulate changes in intracellular Ca2+ but fail to stimulate
phosphorylation of Src and the EGFR (Liu et al., 2004).
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To examine the injury and nucleotide induced phosphorylation of EGFR, the phosphorylation
of a number of tyrosine residues was evaluated. Injury, ATP and UTP induced the
phosphorylation of 1068, 1086 and 1173. Interestingly, ADP phosphorylated a subset of
residues, which may correlate with the lower capacity that it has to induce migration (Weinger
et al., 2005). UDP was not found to play a role in initiating this signal cascade, which correlates
with its inability to stimulate migration. However, UDP can induce Ca2+ release and the
phosphorylation of paxillin and ERK (Klepeis et al 2004). Together our data indicate that injury
induces a pattern of EGFR phosphorylation distinct from that elicited by direct activation of
the EGFR by EGF suggesting distinct pathways. These results are supported by studies that
have shown that differential phosphorylation of specific tyrosine residues on EGFR is observed
in a number of systems. The αv integrin subunit induced the phosphorylation of 845, 1068,
1086, and 1173 (Moro et al., 2002). In addition, ionizing radiation induced phosphorylation of
992 and 1173 while betacellulin induced 1068 (Sturla et al., 2005; Saito et al., 2004). While
these are major sites of phosphorylation in response to EGF, it is interesting that differential
phosphorylation occurs in response to specific biologic activation. Future studies will include
examining the role of specific residues in deletion experiments.

In summary, we demonstrated that interaction between the P2YR and EGFR families is a
component of the injury and wound repair response, and both receptors play a critical role. The
results indicate that injury induced purinergic receptor activation may lead to the cleavage of
HB-EGF and phosphorylation of EGFR and ERK. However, there may be components that
are independent of the EGFR signaling pathway where injury can stimulate ERK and migration.
Future studies are aimed at investigating EGFR independent signaling pathways, as well as
modulating specific tyrosine residues on the EGFR and downregulating specific P2YR
members as potential targets for effective clinical modalities.
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Fig. 1. Role of ATP in injury induced response
A. ATP bioluminescence assay of injured cells compared to control cells. N=6 independent
cultures. B. Cells were incubated in the presence or absence of Reactive Blue 2 (RB-2) (100
μM) and injured (W) or stimulated with ATP and incubated for 5 min. Untreated cells (medium
change +/− RB-2) were used as control. Lysates of equivalent protein concentration were
resolved in SDS-PAGE and immunoblotted with antibodies directed against phosphotyrosine
1173 (pEGFR), pan-EGFR, total and phosphoERK. N=3 independent experiments. C. Cells
were preincubated with AG1478, and subjected to injury, ATP, or EGF for 5 min. Untreated
cells (medium change) were used as control. Lysates of equivalent protein concentration were
immunoprecipitated with EGFR and immunoblotted with PY20 or with EGFR. In parallel
experiments equivalent amounts of protein were resolved on SDS-PAGE and immunoblotted
with antibodies directed against total and phosphoERK. N=5 independent experiments. D.
Cells were incubated in the presence or absence of AG1478 (10 nM) and stimulated with ATP,
EGF or binding buffer (−). Transwell migrations were performed for 8 hr at 37°C. The migrated
cells were stained with propidium iodide, counted in six randomly chosen fields, averaged and
normalized to unstimulated control. N=3 independent experiments.
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Fig. 2. siRNA to EGFR does not reduce Ca2+ mobilization but reduces pERK
A. Lysates from cells transfected with siRNA to EGFR were probed for EGFR. Equivalent
amounts of protein were resolved in SDS-PAGE and blotted with a pan-EGFR antibody. B.
Cells transfected with the siRNA and control sequences were incubated in fluo-3/AM and
imaged using live cell confocal microscopy. Cells were stimulated with EGF, ATP or subjected
to injury (W). The data is presented as relative fluorescence. ** t-test (p<0.001). C. The cells
imaged were lysed and equivalent protein was immunoblotted onto membranes and probed
with antibodies to pERK and ERK. * t-test (p<0.05). D. PAE cells (lacking or stably transfected
with EGFR) were stimulated with injury (W), ATP or EGF for 5 min and lysates were probed
as described above. (N.D -not detected). Phosphorylation was normalized to total ERK and a
representative blot was graphed as fold change over control. N= 3 independent experiments
for A, B, C and D.
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Fig. 3. Injury induced phosphorylation of EGFR is mediated by HB-EGF
A. Cells were incubated in the presence or absence of the functional blocking antibody to HB-
EGF (10 μg/ml) and subjected to control medium, injury (W), or HB-EGF (10 nM). Equivalent
amounts of protein were immunoprecipitated with pan-EGFR antibody, resolved on SDS-
PAGE and immunoblotted with PY20. Phosphorylation was normalized to EGFR and the graph
is presented as relative phosphorylation. B. Cell migration to HB-EGF is concentration
dependent. Cells were stimulated with HB-EGF, EGF or binding buffer (−). Transwell
migrations were performed for 8 hr at 37°C. The migrated cells were stained with propidium
iodide, counted in six randomly chosen fields, averaged and normalized to unstimulated
control. N=3 independent experiments.
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Fig. 4. Injury and ATP induced phosphorylation of EGFR is mediated by cleavage of the HB-EGF
A. Cells were incubated in the presence or absence of CRM197 (40 μg/ml) and then subjected
to control medium, injury (W), ATP or EGF. Equivalent amounts of protein were
immunoprecipitated with pan-EGFR antibody, resolved in SDS-PAGE and immunoblotted
with either PY20 or EGFR. B. Cells were incubated in the presence or absence of TIMP-3 (50
ng/ml) and then subjected to control medium, injury (W), ATP or EGF. Equivalent amounts
of protein were immunoprecipitated with pan-EGFR, resolved on SDS-PAGE and blotted with
either PY20 or EGFR. Densitometric analysis was performed and graphs are presented as
normalized to EGFR for each condition in A. and B. C. Cells were incubated in the presence
or absence of CRM197 (40 μg/ml) and subjected to control medium, injury (W), ATP or EGF.
Lysates were harvested after 5 min. Equivalent amounts of protein were resolved in SDS-PAGE
and immunoblotted with anti-ERK. Membranes were probed with antibodies directed against
phospho and total ERK. D. Cells were incubated in the presence or absence of TIMP-3 (50 ng/
ml) and subjected to control medium, injury (W), ATP or EGF as described above. Equivalent
amounts of protein were resolved in SDS-PAGE and blotted with antibodies directed against
pERK and total ERK. Graphs are normalized to total ERK for C. and D. N=3 independent
experiments for A, B, C, and D.
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Fig. 5. CRM197 inhibits wound repair
Confluent cells in 8 well chamber slides were incubated overnight in medium lacking growth
factors. Cells were pre-incubated in the presence or absence of CRM197 (40 μg/ml) or
CRM197 (40 μg/ml) and HB-EGF (10 nM), placed on a heated microscope stage, wounded
and incubated in an environmental chamber at 37°C and 5% CO2 for 20 hours. The wounds
were demarcated and contiguous regions were tiled and imaged every 20 min. A. Migration
time course of a representative run. B. Percent closure at 20 hours. *p<0.01 Significance was
determined by a one-way ANOVA followed by Tukey's post hoc test. N=3 independent
experiments.
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Fig. 6. Injury and nucleotides elicit phosphorylation of EGFR
A. Cells were cultured and subjected to control (medium change), injury (W), ATP, or EGF.
Equivalent amounts of protein were resolved on SDS-PAGE and immunoblotted with
polyclonal antibodies directed against specific phosphotyrosine sites on EGFR (845, 1068,
1086, 1148 and 1173). Blots were probed also for EGFR. Densitometric analysis was
performed and graphs are presented as fold change over control. B. Immunohistochemical
analysis. Cells were cultured, a linear wound was made and cells were washed and fixed at
five min. In fifty percent of the cultures, cells were preincubated for one hour with serum free
medium containing TIMP-3 while the other half were incubated in serum free medium. Cells
were permeabilized, blocked and probed with polyclonal antibodies directed against the
phosphotyrosine sites and detected with Alexa 488-conjugated IgG. Fluorescent and phase
images were taken and merged. Negative control lacks primary antibody. Confocal
micrographs represent single optical sections of 3μm. Micrographs are representative of two
independent experiments (scale bar equals 100 μm). C. Differential phosphorylation of EGFR
in response to ATP, UTP, ADP, UDP compared to control. Equivalent amounts of protein were
resolved in SDS-PAGE and blotted with antibodies directed against phosphotyrosine specific
sites on EGFR (845, 1068, 1086, 1148 and 1173). Blots were probed also for total EGFR.
Densitometric analysis was performed and graphs are presented as fold change over control.
N- 3 independent experiments.
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Fig.7. Schematic of cellular response to injury and trinucleotides
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