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The release of nucleotides after injury activates puriner-
gic receptors, leading to phosphorylation of site-spe-
cific residues on epidermal growth factor receptor
(EGFR). To elucidate the differences between the injury-
induced response and that induced by exogenous EGF,
we examined recruitment of docking proteins, internal-
ization of EGFR, and migration after injury. Injury in-
duced by scratch wounds or stimulation by addition of
UTP caused a brief internalization of EGFR, which par-
alleled the lesser association with growth factor recep-
tor-bound protein 2 (Grb2) and phosphorylation of
EGFR. The internalization caused by EGF was sustained
and detected for longer than 60 minutes and correlated
with phosphorylation of the receptor. The EGF caused
recruitment of Grb2, phospholipase C-�-1 (PLC�1), Shc,
and Src to EGFR. Glutathione S-transferase pull downs
were performed, and glutathione S-transferase–PLC�1
showed binding of Grb2 when stimulated with EGF but
not with UTP or injury. Furthermore, UTP did not in-
duce PLC�1 phosphorylation, and the phosphorylation
induced by EGF was attenuated by costimulation with
UTP. The response to heparin-binding EGF was
equivalent to that of EGF. Site-directed mutagenesis
showed that phosphorylation of Y1068 and Y1086
of EGFR is required for repair. Together, our results
show that injury and activation of purinergic recep-
tors and direct activation of EGFR via EGF induce
distinct downstream pathways. (Am J Pathol 2011,

178:1092–1105; DOI: 10.1016/j.ajpath.2010.11.060)

Cell migration and wound repair are tightly regulated
events that are critical for successful wound closure.

During development, cells move as a unit to specific
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regions,1 and sheets of corneal epithelial cells move over
the basal lamina to repair superficial wounds.2 When
deeper wounds occur, cells need to move through an
extensive matrix; in these cases, individual cell move-
ment is detected with prominent actin extensions. Migra-
tion during wound repair ensures reformation of the cell–
cell barrier and prevents entry of bacterial pathogens.

Epidermal growth factor (EGF) and its related family
members stimulate corneal epithelial cell migration,3–5

proliferation, and synthesis of basement membrane and
matrix proteins.6–9 Although EGF is not detected in the
wound medium of corneal epithelial cells, EGF family mem-
bers are synthesized in lacrimal gland cells and are re-
leased on activation of metalloproteinases into tear fluid.10

Furthermore, EGF has been added at high concentrations
after surgery to enhance wound strength.11

Epidermal growth factor receptor (EGFR) is a cell receptor
tyrosine kinase,12–15 is localized in the corneal epithelium,
and is activated on injury.3,16 Epidermal growth factor
receptor knockdown by antisense RNA or small-interfer-
ing RNA (siRNA) results in decreases in cell migration,
phosphorylation of extracellular signal-related kinase
(ERK), and phosphorylation of integrin subunit �4.17,18 In
addition, inhibition of EGFR restricts both scratch and
haptotactic cell migration.3,5,19 However, although EGF
induces Ca2� oscillations, pretreatment with the EGFR
kinase inhibitor, AG1478, does not inhibit an injury-in-
duced Ca2� wave.4

Taken together, these observations indicate that there
are several signaling pathways induced by injury that
involve the EGFR while other responses are independent.
For instance, injury- and EGF-induced ERK activation
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appear to be quantitatively and qualitatively different. The
duration of injury-induced activation of ERK is transient
(2 to 10 minutes), whereas EGF-stimulated ERK activation
is long lasting (2 to 24 hours).20 Injury-induced ERK activa-
tion is linked to the release of nucleotides and the activation
of purinergic receptors (P2Y and P2X).21–23 Treatment of
the wound media with apyrase (an ectonucleotidase) inhib-
its the propagation of a Ca2� wave and cell migration and
reduces the phosphorylation of ERK. In addition, cells trans-
fected with siRNA to the P2Y2 receptor show significant
decreases in propagation of the Ca2� wave and cell migra-
tion, indicating that the receptor and nucleotides play a
critical role in wound repair.18,19,24

Cross talk between P2Y receptors and EGFR is
thought to play a pivotal role in cell migration and
wound closure.18 Stimulation of corneal epithelial cells
via injury and release of nucleotides or with addition of
exogenous nucleotides results in phosphorylation of
select sites, including tyrosine residues 1068, 1086,
and 1173 (but not 845). Stimulation with EGF promotes
phosphorylation of multiple tyrosines, including 845,
1068, 1086, 1173, and 1148,18 indicating that nucleo-
tides and EGF can stimulate distinct signaling mecha-
nisms. Distinct EGFR phosphorylation responses occur
with other stimuli, as indicated in the following exam-
ples. The � v integrin subunit has induced phosphor-
ylation of 845, 1068, 1086, and 1173, whereas ionizing
radiation induces phosphorylation of 992 and 1173.
Betacellulin induces phosphorylation of 1068 and
1173, although the latter is markedly reduced.25–27

Heparin-binding (HB) EGF has been detected during de-
velopment and after injury of several cell types.18,28–30

Phosphorylated tyrosine sites on EGFR serve as unique
docking sites for a variety of EGFR-associated signaling
proteins that contain the Src homology domain. We hy-
pothesized that the rapid response elicited by injury and
the later response from EGF result in the recruitment of
specific or unique docking molecules and subsequent
activation of specific downstream activities, such as cell
migration.

In the present study, we demonstrate that the acti-
vation of purinergic receptors by injury or the addition
of nucleotides caused a minimal level of phosphoryla-
tion of EGFR over time compared with the long-lasting
robust phosphorylation induced by EGF. The course of
internalization of EGFR was stimulus dependent. The
tyrosine residues 1068 and 1086 on EGFR, which are
phosphorylated in response to injury, played a critical
role in wound closure; however, wound closure is not
compromised when Y845 is mutated. The association
of Src and phospholipase C-�-1 (PLC�1) with EGFR
was constitutive, and growth factor receptor-bound
protein 2 (Grb2) binding to EGFR was minimal and
transient in response to UTP stimulation of cells. Phos-
phorylation of PLC�1 was diminished in the presence
of UTP, and phosphorylation induced by EGF was at-
tenuated by costimulation with UTP. Our results indi-
cate that the stimulation and initial activation of recep-

tors collectively mediate the wound repair response.
Materials and Methods

Cell Culture and Primary Cell Isolation

Human corneal limbal epithelial (HCLE) cells were pro-
vided by Dr. Ilene Gipson (Harvard University, Boston,
MA). Primary rabbit corneal epithelial cells were isolated
as previously described.31 Briefly, corneas were re-
moved from whole rabbit eyes (Pel-Freeze, Rogers, AR)
and rinsed in Dulbecco’s modified Eagle’s medium
(DMEM) with 100 U/ml penicillin, 100 �g/ml streptomycin
(Mediatech, Manassas, VA), and 0.1% Fungizone (Invit-
rogen, Carlsbad, CA). The anterior third of the cornea
was removed and placed in DMEM with 2.4 mg/ml Dispase
II (Roche Applied Science, Indianapolis, IN) and incubated
at 37°C for 1 hour.31 Epithelial sheets were removed from
corneas, centrifuged, resuspended in keratinocyte serum
free medium, and plated on either tissue culture–treated
dishes or 22-mm2 coverslips. Cells were fed every 2 to 3
days and were not passed. All corneal cells were cultured in
keratinocyte serum free medium [(Ca2�) � 0.09 mmol/L]
supplemented with 30 �g/ml bovine pituitary extract, 0.032
nmol/L EGF (Invitrogen), 100 U/ml penicillin, and 100 �g/ml
streptomycin (Mediatech). The HCLE cells were supple-
mented with 0.3 mmol/L CaCl2.

Porcine aortic endothelial (PAE) cells and other cells
(RetroPack PT67) were grown in DMEM supplemented
with 10% fetal bovine serum, 100 U/ml penicillin, 100
�g/ml streptomycin, and 100 �mol/L nonessential amino
acids (Mediatech).

Construction of Mutant EGFR

Wild-type EGFR in the retroviral pLXSN vector was a gift
from David Stern (Yale University, New Haven, CT).32,33

PCR commercially available kit (QuikChange XL Kit;
Stratagene, La Jolla, CA) was used to create point mu-
tations, according to the manufacturer’s instructions.
Briefly, primers were designed to create tyrosine (Y) to
phenylalanine (F) mutations at known EGFR phosphory-
lation sites. A PCR was performed with the EGFR-pLXSN
template and forward and reverse mutant primers. The
original template was digested for 1 hour at 37°C with
DpnI (10 U/�l), and 2 �l of the DpnI-treated DNA vectors
was transformed and grown in Escherichia coli (XL10
Gold). Vectors were isolated using a kit (Compass Mini-
prep kit; American Bioanalytical, Natick, MA) and se-
quenced (SeqWright DNA Technology Services, Hous-
ton, TX) to confirm the desired mutations.

A cell line (RetroPack PT67; Clontech, West Sacra-
mento, CA) was used as a packaging line for viral pro-
duction. Plasmid DNA of each mutant vector, 5 �g, was
transfected into PT67 cells in serum-free media; 6 hours
after transfection, 5 ml of serum-containing medium was
added to cells. Transfected cells were allowed to pro-
duce virus for 48 hours. Virus-containing media were
collected 48 hours after transfection and stored at 4°C.
To infect the PAEs, media were replaced with virus-con-
taining media collected from the PT67 packaging cells

supplemented with 4 �g/ml polybrene. The virus media
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were replaced with selection media (DMEM supple-
mented with 10% fetal bovine serum, 100 U/ml penicillin,
100 �g/ml streptomycin, and 2 mg/ml G418) 16 hours
after infection. Mass spectrometry of EGFR isolated from
cell lysates confirmed position and substitution.

The lack of expression of EGFR (ErbB1) and ErbB4 by
PAE cells and expression of EGFR by E1-PAE cells were
confirmed by real-time PCR using a commercially avail-
able system (ABI 7300). The gene expression assays
(TaqMan) used were as follows: Hs01076078.ml for
EGFR, Hs00955525.ml for ErbB4, and eukaryotic 18S
ribosomal RNA endogenous control. The expression of
receptors by IMR-90 cells was included as a positive
control. Results are presented as relative expression nor-
malized to 18S ribosomal RNA and were calculated using
the ��CT method.24

Immunoprecipitation and Western Blot Analysis

Cells were grown to confluency and placed overnight in
serum-free media. Cells were washed in cold PBS and
lysed in either lysis buffer (0.5% Nonidet P-40, 1% Triton
X-100, 10 mmol/L Tris-HCl, and 150 mmol/L NaCl) or
radioimmunoprecipitation assay buffer (150 mmol/L
NaCl, 50 mmol/L Tris-HCl, and 1% Nonidet P-40) supple-
mented with protease and phosphatase inhibitor cock-
tails (Calbiochem, EMD BioSciences, San Diego, CA).
Lysates were centrifuged, supernatants were transferred
to a new tube, and the pellet was discarded. Protein was
normalized using the bicinchoninic acid assay (Pierce,
Rockford, IL). Total cell lysates were prepared in sample
buffer for SDS–polyacrylamide gel electrophoresis
(PAGE). For immunoprecipitation, magnetic beads
(Dynabead IgG; Invitrogen) were prepared with antibody
directed against EGFR, 40 �L (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), according to manufacturer’s in-
structions. Lysates were added to the antibody conju-
gated to the beads and incubated overnight at 4°C.
Proteins were eluted, and �2 sample buffer was added
for SDS-PAGE. Protein was transferred from SDS-PAGE
to a polyvinylidene difluoride membrane (PolyScreen,
Pierce, Rockford, IL) for 2 hours using the semidry blot-
ting method. Blots were blocked using Tris-buffered sa-
line containing 7.25 mmol/L Tris hydrochloride, 2.75
mmol/L Tris base, 100 mmol/L NaCl, 0.1% Tween-20
(TBST), and 5% bovine serum albumin (BSA). Blots were
incubated for either 1 hour at room temperature or over-
night at 4°C. Primary antibodies directed to anti-phos-
photyrosine (4G10 Platinum, Millipore, Temecula, CA) or
docking proteins (Grb: BD Transduction Labs, Franklin
Lakes, NJ; Src, Shc, and PLC�1: Santa Cruz Biotechnology)
were prepared in TBST containing 1% BSA and incubated
for either 1 hour at room temperature or overnight at 4°C.
Immunoblots were washed repeatedly in TBST and incu-
bated in appropriate horseradish peroxidase–conjugated
secondary antibody (Santa Cruz Biotechnology) for 1 hour
at room temperature. The membrane was washed with
TBST for 10 minutes at room temperature. Blots were ex-
posed using Western Lightning (GE HealthCare Bio-Sci-
ences Corp, Piscataway, NJ) and quantified using software
(ImageJ).

Figure 1. Injury and UTP recruit specific docking proteins to the
EGFR. Comparisons were made in two cell lines and primary epithelial
cells. The HCLEs (A), primary corneal epithelial cells (B), and E1-PAEs
(C) were stimulated with a control media change (C), injury (W), UTP
(25 �mol/L), or EGF (5 nmol/L) for 5 minutes. Cells were lysed, and
EGFR was immunoprecipitated from the lysates. SDS-PAGE and West-
ern blot analyses of the immunoprecipitation were performed for
EGFR, PLC�1, Src, Shc, and Grb2. D: Phosphorylation of EGFR was
determined after HCLEs were stimulated with media change (control),
EGF (0.5 and 5 nmol/L), and UTP (100 �mol/L) at 5 and 60 minutes.
SDS-PAGE and Western blot analyses of the immunoprecipitation were
performed for EGFR. The pEGFR was detected using a phosphorylated
tyrosine antibody. The pEGFR is normalized to EGFR. Data represent a
minimum of three independent experiments.
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Glutathione S-Transferase–Fusion Pull-Down
Assay

Escherichia coli (DH5�) was transformed with empty vec-
tor, pGEX2T4, or pGEX2T4–Src homology–PLC�1 con-
structs; and recombinant proteins were prepared as pre-
viously described.32 For the glutathione S-transferase
(GST)–fusion pull-down assay, 5 �g of GST-fusion protein
was used. Cell lysates were added to the beads for 3
hours at 4°C. The GST–pull-down lysates were heated at
100°C for 10 minutes, and equivalent protein was run on
SDS-PAGE for Western blot analysis.

Scratch Wound Migration Assay

Cells were grown to confluency on eight-well glass-bot-
tom chambers. The media were replaced with unsupple-
mented media 18 to 24 hours before experimentation.
Cells were treated with either unsupplemented media or
media containing various stimuli, and wounds (diameter,
200 to 300 �m) were made in each well. The cells were
placed on the stage of a laser-scanning confocal micro-
scope (Zeiss Axiovert 200M LSM 510, Zeiss, Thornwood,
NY) in an environmental chamber maintained at 37°C and
5% CO2. Wounds were monitored using the multitime mod-
ule in the LSM software, allowing multiple locations to be
observed over time. Tiled differential contrast images were
taken at each location every 20 minutes for 20 hours. The
autofocus function was used. The LSM software was used
to measure the wound area at various points, and per-
centage closure was calculated. Values were given as
the mean � SEM. Cells were selected from two indepen-
dent trials, and LSM software was used to track motility and
calculate the total distance traveled by each cell. Statistical
comparisons were made using the Student’s t-test or anal-
ysis of variance, followed by Tukey’s post hoc test.

Immunohistochemistry

The HCLE cells were grown to confluency on eight-well
coverslip bottom chambers, and unsupplemented media
were added to the chambers 18 to 24 hours before exper-
imentation. The cells were subjected to either unsupple-
mented media as the control treatment or media contain-
ing UTP, EGF, or 200- to 300-�m-diameter scratch
wounds. Cultures were washed with PBS and fixed at 5,
15, 30, and 60 minutes after stimulation in 4% parafor-
maldehyde (ThermoFisher Scientific, Waltham, MA). The
cells were permeabilized with 0.1% Triton X-100 and
blocked in PBS containing 3% BSA. Cultures were incu-
bated in the presence of a primary antibody directed
against EGFR in PBS containing 1% BSA (ThermoFisher
Scientific) or in PBS containing 1% BSA alone (negative
control) overnight at 4°C. Cultures were washed and in-
cubated in goat anti-rabbit (Alexa Fluor 546; Invitrogen)
in PBS containing 1% BSA. Cultures were counterstained
with rhodamine phalloidin and ToPro-3AM (Molecular
Probes, WA). The cultures were examined using a laser-
scanning confocal microscope (Zeiss Axiovert 200M
LSM 510, Eugene, OR), as previously described.19,34 All

Figure 2. Internalization of the EGFR in re-
sponse to UTP differs from EGF. The HCLEs
were cultured to confluence and stimulated with
medium change (control), UTP (100 �mol/L),
and EGF (0.5 and 5 nmol/L) over a time course.
Cells were fixed and probed with an antibody
directed against EGFR, pseudocolored green,
counterstained with a nuclear marker (ToPro-
3AM), and pseudocolored blue. Confocal images
represent single optical sections of 4 �m taken
in the midregion of the cells. Scale bar � 50 �m.
Images are representative of four independent
experiments.
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secondary antibody staining was set to a negligible level,
and all experimental data were imaged at the same set-
tings. No enhancement of images was performed.

Results

Stimulation with UTP and ATP results in phosphorylation
of a subset of the phosphorylation sites on EGFR com-
pared with stimulation with EGF.17 It was previously dem-
onstrated that injury or nucleotides induced phosphory-
lated EGFR (pEGFR) and phosphorylated ERK, which
was inhibited with siRNA directed to the P2Y2 receptor
and with CRM197.18,24

Recruitment of Cytoplasmic Proteins to EGFR in
Response to EGF, HB-EGF, and UTP

The EGFR signaling pathway is mediated by recruitment
of various signaling proteins (in particular, those with Src
homology domains, such as Grb2, Shc, Src family ki-
nases, and PLC�1).35 Because these proteins bind to
several different phosphorylation sites on EGFR, recruit-
ment of these key EGFR-associated proteins was exam-
ined to determine whether the unique phosphorylation
pattern18 caused differential recruitment of signaling pro-
teins to the EGFR as a model system. Primary epithelial
cells, HCLEs, and endothelial cells (PAEs) infected with
the wild-type EGFR (E1-PAE) were stimulated with media
change (control), injury (w), UTP, or EGF to determine
recruitment of PLC�1, Src, Shc, and Grb2 to the EGF
receptor (Figure 1, A–C). The three cell types were com-
pared to determine whether the response to the stimuli
was a common cellular response. Because PAE cells do
not express endogenous EGFR (ErbB1) or ErbB4, we
used PAE cells that were infected with the EGFR (ErbB1)
as a model for EGFR signaling.36 The PLC�1 and Src
were constitutively associated in all three cell types, and
their association was not affected with EGF stimulation
(Figure 1, A–C). When cells were stimulated with either
UTP (25 �mol/L) or injury (w), Shc was not detected
higher than control (media change) in epithelial cells. In
all of the cell types tested, Grb2 was associated with
EGFR when cells were treated with EGF but was only
present at lower levels in response to injury or 25-�mol/L
UTP. In addition, we compared the phosphorylation of
EGFR of HCLE cells treated with two concentrations of
EGF and a higher concentration of UTP (100 �mol/L) at
two points and normalized it to EGFR. Phosphorylation
was almost threefold greater when exposed to EGF com-
pared with UTP (Figure 1D). Although 5-nmol/L EGF may
be in excess of physiological concentrations, it was used
as it is used in clinical situations.11,37

Internalization and Phosphorylation of EGFR in
Response to EGF and UTP

To determine the differences in downstream signaling
of EGFR, we determined whether injury- or nucleotide-
induced internalization of EGFR occurred in a similar

manner to the well-established response to EGF. The
media change control showed minimal change in lo-
calization of receptor over time. When cells were stim-
ulated with 5-nmol/L EGF, the receptor was internal-
ized within 5 minutes, was punctate, and remained
localized as puncta for longer than 60 minutes (Figure
2). A similar pattern was seen with 0.5 nmol/L, with the
exception that the puncta were decreased by 60 min-
utes. The addition of UTP to the epithelial cells resulted
in internalization of the EGFR by 5 minutes; however, it
was detected at the plasma membrane within 30 min-
utes (Figure 2).

Internalization was examined in cells after a scratch
injury was performed. Cells were fixed immediately
after injury (time, 0 minutes) and compared over time
(Figure 3). Immediately after injury, EGFR was local-
ized along the plasma membrane and in the cytosol,
agreeing with previous results of Zieske et al,3 in stud-
ies that were performed in vivo. By 5 minutes, the EGFR
was internalized at the wound margin (Figure 3). Cells
that were a distance from the wound edge did not
display internalization; in addition, it is assumed that
this is due to the limited diffusion of nucleotides from
the wound (data not shown in this field). Additional
control experiments performed at 4°C showed negligi-
ble internalization, as predicted (data not shown).

Because the time course of the internalization of the
EGFR in response to injury or UTP was transient com-
pared with that induced by EGF, the phosphorylation of
EGFR was examined over a similar course. To deter-
mine whether the media change alone altered the re-
sponse, cells were subject to media change and
pEGFR was determined over time. At all points, phos-

Figure 3. Internalization of the EGFR in response to injury changes over
time. The HCLEs were cultured to confluence, subjected to a scratch wound,
and monitored over time. Images were taken at the leading edge of the
injury. Cells were fixed and probed with an antibody directed against EGFR,
pseudocolored green, counterstained with a nuclear marker (ToPro-3AM),
and pseudocolored blue. Confocal images represent single optical sections of

4 �m taken in the midregion of the cells. Scale bar � 50 �m. Images are
representative of four independent experiments.
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phorylation was minimal when normalized to EGFR and
decreased over time. (Figure 4A). Controls were com-
pared with treatment with EGF (Figure 4A). Stimulation
with UTP over time yielded less pEGFR relative to total
EGFR compared with stimulation with EGF (Figure 4, B–D).
The Shc isoforms were detected over the time course in
response to EGF. Although the isoforms were detected in
response to 100-�mol/L UTP compared with 25-�mol/L
UTP, they did not increase over control (Figures 1D and
4D). Although association of Grb2 with EGFR increased at a
concentration of 100-�mol/L UTP compared with that with
25-�mol/L UTP (Figure 1), it remained lower than when cells
were stimulated with either concentration of EGF (Figure 4,
B–D and F). Densitometric analysis of fold change of
pEGFR and Grb2 association with EGFR are shown (Figure

4, E and F).
We compared these results to responses induced by
HB-EGF. Previously, it was shown that HB-EGF in-
duced cell migration in a dose-dependent manner,
with optimal activity at 1 nmol/L. In addition, we
showed that migration was inhibited with CRM197 and
that activity was restored when HB-EGF was included
in the culture medium.18 In response to 1-nmol/L HB-
EGF, there was a large increase in pEGFR over control
media change (C) during the time course (Figures 4 and
5A). The HB-EGF induced association of Grb2 with EGFR
that correlated with pEGFR (Figure 5A). The response to
HB-EGF after 5-minute stimulation was compared with an
equivalent molar concentration of EGF and 100-�mol/L
UTP (Figure 5B). When the cells were preincubated with
functional blocking antibody to HB-EGF (40 �g/ml) and

e 4. Recruitment and phosphorylation of EGFR differs in response to stimuli.
HCLEs were cultured to confluence and stimulated with control media change

ver 60 minutes. The EGF (5 minutes) was used as a positive control (�). The
was detected using a phosphorylated tyrosine (p-tyr) antibody and is normal-
EGFR. B through D: The HCLEs were cultured to confluence and stimulated

GF (0.5 and 5 nmol/L) or UTP (100 �mol/L) over 60 minutes. Confluent cells
ysed, and EGFR was immunoprecipitated from the lysates. The SDS-PAGE and
rn blot analyses of the immunoprecipitation were performed for EGFR, Shc, Src,
rb2; and probed for p-tyr to determine pEGFR. Images are representative of four
ments. E and F: Densitometric analysis [5.0-nmol/L EGF (black); 0.5-nmol/L EGF
gray); and 100-�mol/L UTP (dark gray)]. Images are representative of four
endent experiments.
Figur
A: The
(�) o
pEGFR
ized to
with E
were l
Weste
and G
experi
(light
indep
then stimulated with HB-EGF, there was a 25% decrease
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in phosphorylation of EGFR compared with an 8% de-
crease in control and other stimulations with blocking
antibody (Figure 5).

UTP Inhibits PLC�1 Phosphorylation and Its
Association with Grb2

To examine if there were other differences that occurred
in response to injury or UTP, HCLEs were stimulated and
the phosphorylation of PLC�1 was examined. The GST
pull downs were performed using PLC�1 and Grb2 (Fig-
ure 6A). Consistent with other experiments, GST-PLC�1
showed binding of Grb2 with a strong band when stimu-
lated with either 0.5- or 5-nmol/L EGF. However, Grb2
was not detected over control levels in response to UTP.
There was also no Grb2 in the injury-stimulated cells
(data not shown). When cells were stimulated with EGF,
PLC�1 was phosphorylated rapidly (Figure 6B). How-
ever, the phosphorylation was attenuated when cells
were costimulated with UTP (Figure 6B). Phosphorylation
of PLC�1 in response to UTP alone was only detected at
background levels. To verify that PLC�1 was not labile,
cross-linking experiments were performed with glutaral-
dehyde, and there was no detectable difference in re-
sults. Furthermore, when cells were immunoprecipitated
with EGFR and blotted for PLC�1 or Grb2, we found that

Figure 5. The HCLEs were stimulated with HB-EGF. A: The HCLEs were
cultured to confluence and stimulated with HB-EGF (1 nmol/L) over 60
minutes. The EGFR was immunoprecipitated from the lysates, and SDS-PAGE
and Western blot analyses of the immunoprecipitation were performed.
Antibodies directed against EGFR and Grb2 and an antibody to p-tyr were
used. The pEGFR was normalized to EGFR. B: The HCLEs were cultured to
confluence, preincubated for 20 minutes with a functional blocking antibody
to HB-EGF (40 �g/ml) or control media (�), and stimulated with media
change (�), EGF (1 nmol/L), HB-EGF (1 nmol/L), or UTP (100 �mol/L) for
5 minutes. Lysates were extracted, and EGFR was immunoprecipitated. The
EGFR and p-tyr antibodies were used, and pEGFR was normalized to EGFR.
EGF stimulated the association, whereas costimulation
with UTP (or injury) either inhibited or did not facilitate
binding (Figure 6C). Costimulation experiments per-
formed during a time course showed phosphorylation
after an extended period (data not shown). Taken to-
gether, UTP antagonizes the EGF-induced phosphoryla-
tion of PLC�1 and its ability to interact with EGFR and
adaptor protein, Grb2.

Effect of UTP on Cell Migration

Migration assays were performed to examine the role of
EGFR in nucleotide-mediated cell migration. In the first set
of experiments, HCLE cells were preincubated in the pres-
ence or absence of AG1478, an EGFR kinase inhibitor, and
stimulated with UTP, EGF, or media change (control);
wounds were made. Images along the wound margin were
taken every 20 minutes. Optimization experiments estab-
lished a wound size for which proliferation was not required
to close the wound.5 The absence of proliferation during

Figure 6. Injury, EGF, and UTP have unique roles in associating adaptor
molecules PLC�1 and Grb2. A: The HCLEs were lysed, and in vitro GST-
fusion protein assays were performed. Cells were stimulated with UTP and
EGF (0.5 and 5 nmol/L). The GST-PLC�–Src homology domains were used to
bind the cell lysates. An SDS-PAGE Western blot analysis for binding of EGFR
and Grb2 was performed. B: The HCLE cells were stimulated with a control
media change (�), 25-�mol/L UTP, 25-�mol/L UTP followed by 5-nmol/L
EGF, or 5-nmol/L EGF for 5 minutes. Lysates were immunoprecipitated by
EGFR antibody and run on SDS-PAGE, and Western blot analysis was per-
formed for p-PLC� and total PLC�. C: Cells were stimulated with media
change, UTP, EGF, or both UTP and EGF. The EGFR was immunoprecipi-

tated from the lysates, and Western blot analysis was performed. Blots are
representative of three independent experiments.
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corneal epithelial wound migration has been well docu-
mented by several investigators.3,16,38–40

Wound closure of 30% was detected in unstimulated
cultures, whereas cells stimulated with either UTP or
EGF attained an average 65% to 70% wound closure
(Figure 7A). Cells pretreated with AG1478 demon-
strated a significant reduction in the groups stimulated
with EGF or UTP (P � 0.05). When HCLEs were stim-
ulated by EGF, the rate of migration was greater than

Figure 7. The EGFR is necessary for nucleotide-induced migration. The HCL
with UTP (100 �mol/L), EGF (0.5 nmol/L), or medium alone (control) befo
medium lacking growth factors. Each slide was placed on a heated microscop
for 20 hours. The wounds were demarcated, and contiguous regions were ti
at 20 hours for HCLEs after injury (t-test, *P � 0.05). B: The percentage wound cl
the EGFR) were stimulated with UTP, EGF, or medium alone (control) before inj
injury and stimulation. D: Migration time course of a representative run using E1
and EGF-stimulated cells. The HCLE cells were tracked every 20 minutes using
Data represent a minimum of three independent experiments for each cell line
the rate for other conditions for the first 5 hours (Figure
7C). In contrast, cultures stimulated with UTP showed a
constant migration rate over time (Figure 7C). When
cultures were pretreated with the kinase inhibitor, the
cells migrated at a slower rate over the entire distance
whether stimulated with EGF or UTP. Analysis of mov-
ies revealed that epithelial cells back from the leading
edge migrated into the wound region to fill the void.
The HCLEs stimulated with EGF or UTP showed that
cells at the leading edge possessed rapid movement

incubated in the presence or absence of AG1478 (10 nmol/L) and stimulated
y. Confluent cultures in 8-well chamber slides were incubated overnight in
wounded, and incubated in an environmental chamber at 37°C and 5% CO2

imaged every 20 minutes using autofocus. A: The percentage wound closure
20 hours for E1-PAEs and PAEs after injury. The E1-PAEs and PAEs (cells lacking
t, *P � 0.05). C: Migration time course of a representative run using HCLEs after
d PAEs after injury and stimulation. E–G: Cell tracking data for control and UTP-
ary software (Zeiss) and placed on an axis on which all cells start at the origin.
Es were
re injur
e stage,

led and
osure at
ury (t-tes
-PAEs an
toward the center of the wound and then continued to
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move in a swirling pattern (Figure 7, E–G). Cells pre-
incubated with AG1478 retained the ability to be motile
but lost the ability to detect which direction to travel to
close the wound (data not shown).

To determine the role of EGFR, PAE cells lacking the
EGFR and PAE cells containing the wild-type EGFR
(E1-PAE) were injured and treated with control media,
UTP, or EGF; and the percentage wound closure was
determined (Figure 7B). The unstimulated wounds
closed by approximately 50% in cells with or without
the EGFR. When E1-PAE cells were stimulated with
UTP or EGF, the wound closed 85% and 89%, respec-
tively, both significantly more than PAE cells (Figure
7B, P � 0.05). When the rate of closure was examined,
cultures that were stimulated with EGF or UTP and
contained the EGFR migrated faster and the rate did
not plateau until after 10 hours. In the control cultures
(without EGFR), the samples did not show greater
wound closure or motility than cells lacking the recep-
tor (Figure 7D).

Expression and localization of EGFR in E1-PAE cells
were demonstrated using real-time PCR. Cells infected
with EGFR expressed EGFR (ErbB1) and not ErbB4,
whereas the PAE cells did not express either EGFR or
ErbB4 (Figure 8A). Expression was graphed as relative
quantitation with IMR-90 cells set to one for both EGFR
and ErbB4. Although the expression of EGFR mRNA is
high, both E1-PAE and HCLE cells display comparable
levels of EGFR protein when normalized to total protein

Figure 8. Localization and expression of EGFR in E1-PAE cells. A: Real-time
(cells infected with EGFR) express EGFR mRNA. (IMR-90 cells, which expre
and expression was set to 1). Results presented as relative expression wer
expression: E1-PAEs were lysed, equivalent amounts of protein were loaded
Densitometric analysis was performed, and the blot is representative of thre
medium change (control), UTP (100 �mol/L), and EGF (0.5 nmol/L) for 5 min

and counterstained with ToPro-3AM (N). Confocal images are presented as merged im
in the midregion of the cells. Scale bar � 50 �m. Images are representative of thre
(Figure 8B). To demonstrate that the pattern of inter-
nalization is similar to HCLEs and can be used as a
model for cell migration, E1-PAEs were stimulated with
media change (control), EGF, or UTP; and internaliza-
tion was evaluated after 5 minutes and was localized
as puncta in cells stimulated with UTP and EGF (Figure
8C). Cells subjected to a media change displayed
diffuse staining lacking the puncta. Secondary anti-
body controls were obtained and were not fluorescent
at the laser settings used for the experimental condi-
tions (data not shown). Together, these data indicate
that the expression of EGFR protein and internalization
of the receptor are similar to those of HCLEs (Figure 2).
In addition, the localization of the receptor is similar to
that seen in primary cells5 and in vivo.3

Role of Y1068 and Y1086 of EGFR in Cell
Migration

Because Grb2 was not recruited by EGFR when cells were
injured or stimulated with UTP, we determined whether the
tyrosine residues 1068 and 1086 played a role in wound
repair because previous results indicated that injury re-
sulted in site-specific phosphorylation at those sites.18 Cell
migration of cells lacking 1068 or 1086 was compared with
cells lacking tyrosine residue 845, which was not phosphor-
ylated with injury and is not a binding site for Grb2. How-
ever, Y845 is phosphorylated when cells are stimulated with

owed no expression of EGFR (ErbB1) or ErbB4 mRNA in PAEs. The E1-PAEs
ErbB1 and ErbB4, were used as positive control for both EGFR and ErbB4;
lized to 18S RNA and were calculated using the ��Ct method. B: Protein
S-PAGE and Western blot analyses were performed and probed for EGFR.

ments. C: Localization of EGFR: E1-PAEs were cultured and stimulated with
lls were fixed and probed with an antibody directed against EGFR (asterisk)
PCR sh
ss both
e norma
, and SD

e experi
utes. Ce
ages in black and white and represent single optical sections of 3 �m taken
e independent experiments.
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EGF. Scratch wound assays were performed on the EGFR
mutants Y845F, Y1068F, and Y1086F in the presence of
either 5-nmol/L EGF or 100-�mol/L UTP (Figure 9, A–C). The
mutant unstimulated control cultures did not exhibit differ-
ences in percentage wound closure after 20 hours, and the
rate of migration was similar to E1-PAE–unstimulated cul-
tures (Figures 9A and 7, B and D). The E1-PAE Y845F and
Y1068F cultures showed significant migration over control
in response to both UTP and EGF. The absence of Y845 did
not alter migration. Although E1-PAE, Y845F, Y1068F, and
Y1086F cultures showed an increase in migration on stim-
ulation with EGF, the percentage wound closure of the E1-
PAE Y1086F cultures was attenuated. With the absence of
Y1086, the cells did not demonstrate enhanced migration to
UTP (Figure 9A).

Representative time courses between cells with mutant
receptors were compared to examine whether differences

Figure 9. Specific EGFR tyrosine residues play a role in nucleotide-induced
cell migration. The PAEs, E1-PAE, and E1 PAE mutants (ie, Y1068F, Y1086F,
and Y845F) were cultured in eight-well chamber slides and incubated over-
night in medium lacking growth factors. The slides were placed on a heated
microscope stage, wounded, and incubated in an environmental chamber at
37°C and 5% CO2 for 20 hours. Cells were stimulated with UTP or EGF and
compared with medium alone (control). The wounds were demarcated, and
contiguous regions were tiled and imaged every 20 minutes using autofocus.
A: The percentage wound closure at 20 hours. B: Course of migration of mutants
in response to EGF. Representative runs stimulated with 5-nmol/L EGF are
shown. C: Course of migration in response to UTP. Representative runs stimu-
lated with 100-�m UTP are shown. Significance was determined by a one-way
analysis of variance, followed by Tukey’s post hoc test (*P � 0.05). Data repre-
sent a minimum of three independent experiments.
in migration rates changed over time (Figure 9B). When the
three mutant cultures were stimulated with EGF, they mi-
grated at a similar rate for the first 10 hours (Figure 9B).
However, the migration rate of E1-PAE Y1068F cultures
slowed after 10 hours and plateaued in the E1-PAE Y1086F
cultures. When cells were stimulated with UTP, the E1-PAE
Y845F cultures migrated at a rate similar to the E1-PAE
cultures. In contrast, the E1-PAE Y1068F cultures began to
plateau before 10 hours and demonstrated a markedly
slower rate for the second 10 hours (Figure 9C). The E1-
PAE Y1086F cultures demonstrated a slope similar to the
PAE cells, which lacked the EGFR (Figure 9C). In summary,
the E1-PAE Y1068F and Y1086F cultures showed altered
wound closure, which appeared to be, in part, their ability to
respond to UTP and, to a lesser degree, EGF.

The mutation of Y845 did not hinder the motility of cells
and wound closure persistence (Figure 10). In contrast,
the lack of Y1068 caused impaired cell motility in un-
stimulated cultures (Figure 10). When these cells were
stimulated with EGF, migration was enhanced compared
with the positive control E1-PAEs, but motility continued
after the two cell margins met. When the same cultures
were stimulated with UTP, the result was the excessive
migration was not detected (Figure 10). Although the
mutation of Y1086 did not inhibit the cells’ ability to mi-
grate compared with unstimulated E1-PAE controls (indi-
cated by the mean total length of distance traveled), the
cells did not travel in a straight line to the opposing
wound margin (Figure 10). In response to UTP, the Y1086
cells traveled erratically and were often observed back-
tracking on each other, indicating that they did not detect
environmental cues. Together, this analysis demon-
strated that for proper wound closure, Y1068 and Y1086
are required.

Discussion

Increasingly, evidence has indicated that activation of
EGFR, either indirectly through injury and nucleotide stimu-
lation or directly by EGF as a ligand, leads to two distinct
mechanisms underlying wound repair. Site-specific tyrosine
residues are phosphorylated in response to injury, support-
ing the differences detected in downstream signaling.18

Although the underlying mechanisms are not fully under-
stood, we do know that both injury and nucleotides, which
are released at injury, initiate a rapid Ca2� wave to neigh-
boring cells, whereas EGF initiates a distinct oscillatory re-
sponse. Although the injury-induced Ca2� wave is not in-
hibited with tyrosine kinase inhibitors, such as AG1478, it is
inhibited when cells are transfected with P2Y2 receptor
siRNA, supporting the idea that injury-induced calcium re-
lease is independent of the EGFR system.4,24 To under-
stand further how injury and nucleotides modulate a differ-
ent response from EGF, we analyzed the association of
cytoplasmic signaling proteins with EGFR, EGFR internal-
ization, and wound closure. Primary corneal epithelial cells
and an epithelial cell line (HCLE) were used, and the results
were compared with PAE cells in which the EGFR was either
absent or wild-type or mutant receptors (ie, Y845F, Y1068F,

or Y1086F) were expressed.
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There is evidence that signaling by the EGFR from the
cell surface prevents the induction of cell death.3 This
may occur in communication between purinergic and
EGFR signaling, especially in corneal epithelium, where
apoptosis is rare. Other researchers have shown that
stimulation of kidney epithelial cells with pro–HB-EGF
protects cells from anoikis41; in epithelial cells, HB-EGF
may play a role in nucleotide-induced ERK1/2 signaling
and migration.18 In addition, when cells that express high
levels of EGFR are stimulated with EGF, the enhanced
levels of activated EGFR may be accompanied by an
accumulation of the receptors within the cell because of

Figure 10. Migration is altered in cells with mutated EGFR tyrosine residues
every 20 minutes using proprietary software (Zeiss) and placed on an axis
condition in bar graphs. Significance was determined by a one-way analysis
minimum of three independent experiments.
a decrease in the rate of receptor degradation.42,43 This
is hypothesized to occur in the breast cancer epithelial
cell line (MDA-MB-468 cells) in which endocytic traffick-
ing is slow and cell growth is mediated by the localization
of the receptor and not its prolonged activation.44

In HCLE cells, pEGFR is greater in response to EGF
than UTP, but there is a difference in internalization over
time. The intracellular localization of the receptor that is
detected under control conditions has been reported
previously in primary corneal epithelial cells and in vivo.3,5

The EGF causes an accumulation of receptor within the cell.
In contrast, UTP appears to induce a rapid recycling of the
receptor. These results are confirmed in E1-PAE cells,

AE, E1-PAE Y1068F, E1-PAE Y1086F, and E1-PAE Y845F). Cells were tracked
ll cells start at the origin. The total distance traveled is presented for each
nce, followed by Tukey’s post hoc test (*P � 0.05). Bar graphs represent a
(ie, E1-P
where a
which only express EGFR. In addition, HB-EGF causes a
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rapid and sustained pEGFR with associated Grb2. Al-
though control conditions (media change) do not cause
increased phosphorylation of pEGFR, there is a minimal
level present that may explain the intracellular localization.
This has been reported to be due to autocrine activation,
which has been reported in human keratinocytes in which
autocrine phosphorylation is correlated with the appear-
ance of the soluble ligand, amphiregulin.45

When we determined whether recruitment of docking
molecules was time dependent, we found no difference
in binding of PLC�1 or Src in either epithelial cells or
E1-PAE. Cells stimulated with both concentrations of EGF
showed internalization and enhanced binding of Grb2 at
the longer time points. In contrast, when primary epithe-
lial cells were stimulated by exogenous nucleotides or
injury, internalization was present, but the time course
was attenuated. Together, these results indicate that, al-
though several ligands and molecules, via cross-activa-
tion, may cause phosphorylation of the EGFR, the endo-
cytosis may depend on the recruitment of docking
proteins. Although some investigators15,46 indicated that
tyrosine phosphorylation of EGFR was not necessary for
internalization, others47,48 found that specific protein–
protein interactions were responsible for receptor-medi-
ated endocytosis. In the latter experiments, Shc was pro-
posed to mediate ligand-induced internalization of EGFR.
Our results indicate that all isoforms of Shc were not
associated with EGFR unless higher concentrations of
UTP were used. Failure to bind Grb2 and internalization
of EGFR in clathrin-coated pits was thought to depend on
phosphorylation of Y1068 and Y1086 and was dependent
on whether one or both sites were mutated.49 More re-
cently, the binding of the ligand to EGFR has accelerated
its internalization and receptor down–regulation.50 Our
results suggest a more complex regulation. Previously,
when cells were stimulated by either injury or treatment of
nucleotides, phosphorylation occurred on tyrosine resi-
dues on EGFR, including 1068 and 1086.18 In this study,
we demonstrated that EGFR internalization has a distinct
course in response to nucleotide release and activation
of purinergic receptors, followed by transactivation and
minimal phosphorylation of EGFR. In addition, Grb2 is
only minimally recruited by EGFR higher than control. The
minimal binding of Grb2 may be sufficient to cause the
transient nature induced by nucleotides.

In epithelial cells, the initial rate of nucleotide-induced
cell migration was slower than that of EGF, but the slope
remained the same over time, whereas EGF-stimulated
cells began to plateau at 10 hours. The two different rates
of migration achieved 80% wound closure for UTP and
almost complete closure in response to EGF (Figure 7, B
and C). To test the role of the EGFR in nucleotide-induced
cell migration, we measured migration of PAE and E1-
PAE cells. When the EGFR was present, cells stimulated
with either EGF or UTP achieved 80% wound closure
compared with unstimulated conditions, which resulted in
less than 50% wound closure (Figure 7). When E1-PAE
Y1068F and E1-PAE Y1086F cultures were examined af-
ter injury, both demonstrated enhanced migration on EGF
or UTP stimulation. However, although mutation of

Y1068F did not alter the UTP-stimulated rate of migration
for the first 10 hours, its rate plateaus dramatically at later
points (Figure 9C). Furthermore, in examining individual
cell movement in wound closure, unstimulated E1-PAE
Y1068F cells showed minimal total migration, whereas
EGF-stimulated cells lack wound closure persistence
compared with E1-PAEs (Figures 9 and 10). Likewise,
mutation of Y1086F inhibited both cell migration of E1-
PAE cells and wound closure persistence (Figures 9 and
10). In contrast, in E1-PAE Y845F cells, there was no
significant difference between EGF- and UTP-stimulated
cell migration (Figure 10). Interestingly, treatment of cells
with AG1478 inhibited cell migration and wound closure
persistence. Therefore, the path that cells take to achieve
the final point might depend on differential phosphoryla-
tion of EGFR and its ability to recruit signaling proteins.
Recent studies49 in endothelial cells suggest that specific
inputs modulate different cell migratory outputs, such as
directed migration, single-cell motility, and cell–cell co-
ordination. Each of these behaviors may compose a sep-
arate signaling module; we expect that the different phos-
phorylation sites mediate the different modules. The
changes in cell migration might well be because of dif-
ferences in cell adhesion to the substrate.51,52 The latter
statement is supported by previous findings53 demon-
strating that epithelial cell morphological features and the
expression of integrins change with substrate chemistry.
This hypothesis will be addressed in future studies.

The altered migration detected when specific residues
are mutated is likely to be caused by differential recruitment
of docking molecules to the EGFR after EGF or injury/nu-
cleotide stimulation. We have shown that the ligand causes
a difference in the recruitment of docking proteins. Interest-
ingly, preliminary experiments indicate that there is less
recruitment of Grb2 when cells lack specific tyrosine resi-
dues. In addition, treatment of corneal epithelial cells with
either a functional blocking antibody to HB-EGF or
CRM19754 attenuated the phosphorylation of EGFR. In
other experiments, the addition of HB-EGF to CRM197 res-
cued epithelial cell migration,18 suggesting that the release
of nucleotides and cleavage of pro–HB-EGF may be critical
in mediating the injury response. However, the system is
complex in primary cells and HCLEs because HB-EGF may
bind to EGFR, ErbB4, or heparan sulfate proteoglycans, the
latter of which are up-regulated with corneal injury.55

Communication between the purinergic and EGFR
signaling pathways was demonstrated in experiments
in which UTP appears to inhibit the phosphorylation of
PLC�1. Our results provide evidence that, although
phosphorylation of EGFR appears to be critical to
wound closure, it can be achieved by direct ligand
stimulation or other cell surface signaling pathways.
When it occurs through this secondary route, recruit-
ment of signaling molecules is modified, allowing for
differences in EGFR internalization, recruitment, and
subsequent cell migration. Additional studies exploring
different ligands present in biological fluids with injury
and the molecules that are recruited are being under-
taken and will provide insight into the complex regula-

tion of wound repair.
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