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Activation of the epidermal growth factor receptor (EGFR) is
a key signaling event that promotes cells to move and cover
wounds in many epithelia. We have previously shown that
wounding activates the EGFR through activation of the Src fam-
ily kinases (SFKs), which induce proteolytic shedding of epider-
mal growth factor-like ligands from the cell surface. A major
goal in wound healing research is to identify early signals that
promote motility, and here we examined the hypothesis that
members of the focal adhesion kinase family are upstream acti-
vators of the SFKs afterwounding.We found that focal adhesion
kinase is not activated by wounding but that a different family
member, Pyk2 (PTK2B/RAFTK/CAK�), is activated rapidly and
potently. Pyk2 interaction with c-Src is increased after wound-
ing, as determined by co-immunoprecipitation experiments.
Disruption of Pyk2 signaling either by small interfering RNA or
by expression of a dominant negativemutant led to inhibition of
wound-induced activation of the SFKs and the EGFR, and con-
versely, overexpression of wild-type Pyk2 stimulated SFK and
EGFR kinase activities in cells. In wound healing studies, Pyk2
small interfering RNA or dominant negative inhibited cell
migration. These results show that activation of Pyk2 is an early
signal that promotes wound healing by stimulating the SFK/
EGFR signaling pathway.

Wounding induces profound changes in adjacent epithelial
cells, which include rearrangement of the actin cytoskeleton,
internalization of cell junction proteins, and redistribution of
membrane phospholipids (1–4), and they subsequently acquire
a phenotype that allows them to migrate rapidly (5, 6). Activa-
tion of the epidermal growth factor receptor (EGFR)2 tyrosine
kinase (7, 8) is an obligatory signaling event that stimulates a
multitude of downstream effectors to induce these changes in

many epithelia, including the gut, airway, epidermis, and cor-
nea (9–14). Understanding the molecular mechanisms of
wound-induced EGFR activation is central to understanding
how epithelia acquire a motile phenotype.
The proximal event for activation of the EGFR is proteolytic

release of transmembrane ligands, such as heparin-binding
EGF-like growth factor, by a mechanism that resembles trans-
activation of the EGFRbyG-protein coupled receptors (15–20).
Recent data suggest that the Src family kinases (SFKs) control
EGFR ligand shedding after wounding (5, 21). The SFKs are
ubiquitously expressed non-receptor tyrosine kinases that reg-
ulate cytoskeletal dynamics, cell/matrix interactions, and trans-
duction of extracellular signals (22). The SFKs contain Src
homology 2 and 3 domains that bind to consensus phosphoty-
rosine and proline-rich domains, respectively, which can lead
to activation by loss of inhibitory intramolecular interactions
(23).
We have recently found that SFKs and the EGFR are acti-

vated rapidly in cells within 250 �m of the wound edge (5). In
addition, extracellular ATP is released from cells and can
induce activation of the EGFR further from the wounds. How-
ever, extracellular ATP signaling is not necessary for full
induction of movement of the epithelial cell sheet after
wounding (5, 6).
Understanding the early events in the signaling pathway that

leads to EGFR activation remains a significant challenge, and
the purpose of this workwas to identify the immediate activator
of the SFKs. The focal adhesion kinase (FAK) family of non-
receptor tyrosine kinases includes FAK and Pyk2 (proline-rich
tyrosine kinase 2) (also known as RAFTK (related adhesion
focal tyrosine kinase) andCAK� (cell adhesion kinase�)). They
can be activated by a variety of stimuli that are likely to occur at
wound edges, such as mechanical stretching, integrin/extracel-
lular matrix interactions, and Ca2� signaling (24–26). Here we
examined the possible role of the FAK family in activating the
SFKs and subsequently the EGFR.

EXPERIMENTAL PROCEDURES

Materials—Antibodies against the EGFR, the EGFR phos-
phorylated on tyrosine 1173, Pyk2 phosphorylated on tyrosine
402, FAK phosphorylated on tyrosine 397, and c-Src (mouse
monoclonal antibody used for immunoprecipitation) were
from Santa Cruz Biotechnology; antibodies against SFK phos-
phorylated on tyrosine 416, SFK non-phosphorylated on tyro-
sine 416, and c-Src (rabbit polyclonal used for immunoblotting)
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were from Cell Signaling Technology; antibodies against Pyk2
and Fyn were from BD Biosciences; antibodies against myris-
toylated alanine-rich C-kinase substrate phosphorylated on
serines 152 and 156 were from EMD Biosciences; antibodies
against paxillin were from Invitrogen; antibodies against �-ac-
tin and FLAG were from Sigma. Tyrphostin AG 1478 and Src
kinase inhibitor-I were from EMD Biosciences. ATP and grade
VII potato apyrase were from Sigma. Cell culture reagents were
fromMediaTech, and all other supplies and reagents were from
ISC BioExpress or ThermoFisher unless otherwise noted.
Cell Culture andWounding Models—Human corneal limbal

epithelial (HCLE) cells have been immortalized by abrogation
of p16INK4A/Rb and p53 functions and overexpression of the
catalytic subunit of the telomerase holoenzyme (27). HCLE
cells were cultured in keratinocyte serum-free medium (In-
vitrogen) supplemented with 0.3 mM CaCl2, 25 �g/ml bovine
pituitary extract, 0.1 ng/ml human recombinant EGF, 50 IU/ml
penicillin, and 50 �g/ml streptomycin. At least 16 h prior to
experiments, cells were washed and cultured in the same
medium without pituitary extract and EGF. For wound signal-
ing experiments, we employed a model for stimulating cell
sheets by the acute exposure to free space that has been previ-
ously described (15). Briefly, cells are cultured around agarose
droplets until they form confluent lanes 1–5 cells wide and are
then acutely stimulated or “wounded” by the removal of the
agarose droplets. This wounding model minimizes signaling
from cell damage and allows biochemical isolation of wound
edge cells (5). For wound healing assays, cells were cultured to
confluence around a single agarose strip (15) and were induced
to differentiate into a stratified epithelium (27) by culturing in
Dulbecco’s modified Eagle’s medium/F-12 (1:1) with 10% new-
born calf serum. After two (adenovirus experiments) or three
(siRNA experiments) days, the agarose strip was removed, and
cultures were allowed to heal for 18 h before fixation and stain-
ing with either Gentian violet or immunofluorescence reagents
(see below). Micrographs of cultures were obtained before and
after wounding, and wound areas were quantified using the
region tracing utility in MetaMorph� software (Universal
Imaging).
WesternBlottingandImmunoprecipitation—Followingstim-

ulation, cells were washed in ice-cold phosphate-buffered
saline (171mMNaCl, 10.1mMNa2HPO4, 3.35mMKCl, and 1.84
mM KH2PO4, pH 7.2) and lysed in either SDS (1% in H2O) or
immunoprecipitation buffer (50 mM Tris-Cl, 260 mM NaCl,
0.02%NaN3, 5mMEDTA, 1%TritonX-100, 0.5mMNa3VO4, 50
mM NaF, 1 tablet per 10 ml of protease inhibitor mixture
(Roche Applied Science), and 5 �M pepstatin A, pH 7.5).
Protein contents of extracts, determined with the BCA assay
(ThermoFisher), were normalized prior to SDS-PAGE. For
immunoprecipitation, �250 �g of cellular protein was incu-
bated with 30 �l of protein A-Sepharose slurry and 1 �g of
antibody on an end-over-end rotator at 4 °C overnight. Bead
pellets were washed twice with immunoprecipitation buffer
and three times with immunoprecipitation buffer with Triton
X-100 reduced to 0.1% before the addition of SDS-PAGE sam-
ple buffer. Multiple exposures of Western blots were collected,
and densitometry of appropriate images was performed using
QuantityOne software (Bio-Rad).

siRNA Transfection and Adenoviral Infection—10 nM siRNA
duplexes targeting Pyk2 were transfected using siPORTTM

NeoFXTM transfection reagent (Applied Biosystems) according
to manufacturer’s protocol. Cells were then reseeded after 2
days at experimental densities and used 4 days after trans-
fection. Multiple Pyk2 siRNA oligonucleotides were used:
CACAUGAAGUCCGAUGAGAdTdT (Sigma) and a Pyk2
SMARTpool that contains at least four duplexes of undisclosed
sequence (Millipore). As a control siRNA, we used MISSION�
siRNA Universal Negative Control 1 (Sigma). FLAG-tagged
Pyk2 and FLAG-tagged PRNK cloned into adenovirus vectors
were from Dr. Joseph C. Loftus (Mayo Clinic, Scottsdale, AZ).
Adenovirus encoding tet-OFF (used as adenovirus control) was
from Dr. Ora A. Weisz (University of Pittsburgh, Pittsburgh,
PA), and adenovirus encoding green fluorescent protein was
from Dr. Michael P. Czech (University of Massachusetts,
Worcester, MA). Preliminary experiments using green fluores-
cent protein-encoding virus helped to determine themultiplic-
ity of infection necessary for achieving expression in 90–100%
of cells. For signaling studies, cells were infected at a multiplic-
ity of 10 for 1 h and were used the following day. For wound
healing studies, cells were infected at a multiplicity of 20 in a
small volume (1 � 105 cells/�l) for 1 h with gentle agitation
every 15 min. After washing and centrifugation, cells were
seeded and used 2 days later.
ImmunofluorescenceMicroscopy—The cells were fixed for 30

min by adding one-tenth volume of 37% formaldehyde to the
cells. Cells were then processed for immunofluorescence anal-
ysis as described previously (15). F-actin was visualized with
Alexa Fluor� 633 phalloidin. Images were captured with a
Nikon TE2000E microscope with a �20 oil objective (numeri-
cal aperture 0.75) or an Olympus IX81 confocal microscope
equipped with a �60 oil objective (numerical aperture 1.4).
Images were generated and analyzed using Fluoview� software
(Olympus).
Statistical Analysis—All experiments reported were per-

formed aminimumof three timeswith similar results. For some
figures, representative Western blots are shown below densi-
tometry from at least four replicates. Quantitative data were
plotted (means � S.D.) and analyzed by t test or one-way anal-
ysis of variance, followed by Bonferroni’s multiple comparisons
test using Prism (GraphPad Software).

RESULTS

Pyk2, but Not FAK, Is Activated after Wounding—The EGFR
is activatedwithinminutes afterwounding sheets ofHCLE cells
in a process that is triggered by SFK activation (5, 21). To exam-
ine the role of the FAK family, we first tested whether FAK or
Pyk2 is activated after wounding, using a wounding model that
detects signaling in cells near wound edges (see “Experimental
Procedures” and Ref. 15). Pyk2 was activated 5 min after
wounding as determined by Western blotting for its major
autophosphorylation site onTyr-402 (Fig. 1A). In contrast, acti-
vation of FAK was not detected. Pyk2 and FAK activation were
observed after treatment of cells with a 100 nM concentration of
the phosphatase inhibitor sodium orthovanadate (Fig. 1B),
indicating that the blotting procedure was capable of detecting
both kinases when autophosphorylated. Because FAK was not
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activated detectably after wounding, we concluded that FAK
signaling is not likely to regulate SFK activity in this context,
and we therefore focused on Pyk2.
To eliminate effects of extracellular ATP, which can cause

activation of the SFKs and the EGFR (5), 25 units/ml apyrase
was included in themedium (Fig. 1C) to hydrolyze extracellular
ATP to undetectable levels (5). As a further test of the efficacy of
the treatment, we noted that inclusion of apyrase blocked acti-
vation of protein kinase C (Fig. 1D), which is induced by ATP
released from cells after wounding (28–30). In the following
experiments, apyrase was included in the incubations to elimi-
nate signaling by ATP.
In some systems, Pyk2 is activated downstream of the EGFR

(31–33). However, activation of Pyk2 was not reduced in the
presence of a 100 nM concentration of the EGFR tyrosine kinase
inhibitor tyrphostin AG 1478, which effectively blocked EGFR
autophosphorylation (Fig. 1C). Pyk2 contains tyrosines that can
be phosphorylated by the SFKs, and some studies indicate that
SFK-mediated phosphorylation regulates Pyk2 activity (34–

36). However, wound-induced Pyk2 autophosphorylation was
unaffected by treatment with a 1 �M concentration of the SFK
inhibitor Src kinase inhibitor-I (SKI) (Fig. 1E). The SFK inhibi-
tor blocked EGFR phosphorylation of Tyr-845, which is cata-
lyzed by the SFKs, demonstrating the efficacy of the inhibitor
(Fig. 1E). Together, these results indicate that Pyk2 is activated
independently of the EGFR and the SFKs.
Activation and Association of the SFKs with Pyk2 after

Wounding—We were able to immunoprecipitate the major
SFK isoforms c-Src and Fyn from our cells and analyze their
activation states with an antibody that recognizes activated
forms of the SFKs. Both c-Src (Fig. 2A) and Fyn (sup-
plemental Fig. 1) were activated within 5 min after wounding.
The SFKsmay be activated downstream of the EGFR (37); how-
ever, the presence of 100 nM tyrphostin AG 1478, which effec-
tively blocked EGFR activity (not shown), had no effect on c-Src
or Fyn activation, indicating that c-Src and Fyn are activated
upstream of the EGFR.
The SFKs can be activated by binding to Pyk2 after it is auto-

phosphorylated (26). Analysis of immunoprecipitates of c-Src
showed the presence of increased levels of Pyk2 afterwounding,
suggesting an increased level of association of the two mole-
cules (Fig. 2B). The specificities of the signals were confirmed
by performingmock precipitations with non-immune IgG (Fig.
2C). The interaction did not depend on EGFR activation
because co-immunoprecipitation was not blocked by the pres-
ence of tyrphostin AG 1478 (Fig. 2B). A similar analysis with
c-Fyn was not possible because the signals were too faint.
Pyk2 Mediates SFK and EGFR Activation after Wounding—

We initially examined the effects of reducing Pyk2 expression
with siRNA prior to wounding. Cells were transfected with a 10
nM concentration of a pool of Pyk2-targeted siRNA oligonu-

FIGURE 1. Pyk2, not FAK, is activated rapidly after wounding. A, HCLE cells
were given no treatment (NT) or were wounded (W) and incubated for 5 min,
and cell extracts were analyzed by Western blotting for Pyk2 phosphorylated
on Tyr-402 (p-Pyk2) or for FAK phosphorylated on Tyr-397 (p-FAK). Due to
various splicing and post-translational events, the antibody for phosphory-
lated Pyk2 detects multiple bands, all of which are used in analysis. The ratio
of phospho-Pyk2/Pyk2 (not shown) was determined by densitometry. *, sig-
nificant differences from unwounded groups (p � 0.001). Columns are means,
and error bars are S.D. B, as a positive control for the antibodies, 100 nM

Na3VO4 was added to the cells for 30 min prior to analysis (Van). C, in the
presence of 25 units/ml apyrase, cells received no additional treatment (NT)
or were wounded (W) and incubated for 5 min. Where indicated, cells were
treated with 100 nM tyrphostin AG 1478 (AG) for 30 min prior to and during
wounding. Western blots were probed for phospho-Pyk2 and were then
stripped and reprobed for total levels of Pyk2 and EGFR phosphorylated on
Tyr-1173 (p-EGFR). The ratio of phospho-Pyk2/Pyk2 was determined by den-
sitometry. *, significant differences from unwounded groups (p � 0.001).
D, cells were treated as indicated, and Western blots were probed for phos-
phorylated myristoylated alanine-rich C-kinase substrate (p-MARCKS), which
is a marker of protein kinase C activity (29, 30). E, cells were treated as in
C, except 1 �M of Src kinase inhibitor-I (SKI) was added for 30 min prior to and
during wounding, where indicated. The blots were analyzed with an antibody
that recognizes the EGFR phosphorylated on Tyr-845 (p-EGFR-Y845). Densi-
tometry was performed as in C. Apy, apyrase.

FIGURE 2. c-Src is activated and interacts with Pyk2 after wounding. Cells
received no treatment (NT) or were wounded (W) and incubated for 5 min, all
conditions in the presence of 25 units/ml apyrase. Where indicated, cells were
treated with 100 nM tyrphostin AG 1478 (AG) for 30 min prior to and during
wounding. The extracts were precipitated with c-Src antibodies, which
removed �90% of the c-Src present in the extracts (not shown), and the
precipitates were subjected to Western blotting for SFK phosphorylated on
Tyr-419 (p-SFK) and subsequently for total levels of c-Src (A) and Pyk2 phos-
phorylated on Tyr-402 (p-Pyk2) and total levels of c-Src (B). Ratios were deter-
mined by densitometry. *, significant differences from unwounded groups
(p � 0.01). Columns are means, and error bars are S.D. C, lysates were subjected
to immunoprecipitation (IP) with anti-c-Src antibodies or with non-immune
mouse IgG; immunoprecipitates were subjected to Western blotting for
phospho-Pyk2. Overexposed film shows the absence of signal from the non-
immune control.
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cleotides before wounding. Pyk2 siRNA transfection caused
70% reduction in Pyk2 expression compared with controls and
resulted in inhibition of wound-induced SFK and EGFR activa-
tion (supplemental Fig. 2). As a confirmation and to better con-
trol for off-target effects (38), we repeated these studies using a
10 nM concentration of a single Pyk2-targeted siRNA oligonu-
cleotide. The Pyk2 siRNA caused �75% reduction in Pyk2
expression (Fig. 3A) and significantly inhibited SFK (Fig. 3B)
and EGFR (Fig. 3C) activation after wounding. Treatment of
Pyk2 siRNA-transfected cells with EGF yielded EGFR activa-
tion equivalent to that yielded by treatment of control-trans-
fected cells (Fig. 3D), indicating that the siRNAdid not interfere
with the normal function of the EGFR.
As a complement to these studies, we tested whether Pyk2 is

necessary for wound-induced SFK and EGFR activation by
wounding sheets of cells that express Pyk2-related non-kinase
(PRNK), which is a truncated version of Pyk2 that consists of
the C-terminal 228 amino acids and lacks the kinase domain. It
can act in a dominant negative fashion to inhibit endogenous
Pyk2 activation and signaling (39). PRNK (�30 kDa)was clearly
expressed in HCLE cells infected with an adenovirus coding for
PRNK, and its presence blockedPyk2 activation afterwounding
as expected (Fig. 4A). Importantly, activation of SFKs (Fig. 4B)
and the EGFR (Fig. 4C) were also significantly inhibited by the
presence of PRNK. Inhibition of Pyk2 signaling by either siRNA
(Fig. 3B) or PRNK (Fig. 4B) reduced SFK activities in the
unwounded condition. This indicates the presence of a basal
level of stimulation of signaling by Pyk2, similar to that seen
previously (40, 41). EGF-induced EGFR activation was not
inhibited by PRNK expression (Fig. 4D), indicating that PRNK
did not affect the EGFR directly.

We also examined the effects of blocking Pyk2 signaling on
the individual SFK isoforms. C-Src activation was inhibited
when Pyk2 signaling was disrupted by either siRNA (Fig. 5A) or
PRNK (Fig. 5B). Similarly, activation of the Fyn isoform was
inhibited by either Pyk2 siRNA (Fig. 5C) or PRNK (Fig. 5D).
Therefore, although we could not determine the degree to
which Fyn and Pyk2 interact after wounding, Pyk2 signaling

FIGURE 3. Knockdown of Pyk2 with siRNA inhibits SFK and EGFR activa-
tion after wounding but not after stimulation with EGF. HCLE cells trans-
fected with 10 nM control or Pyk2 siRNA were treated with apyrase and were
wounded as indicated. Western blots were probed for total levels of Pyk2 and
�-actin (A), SFK phosphorylated (p-SFK) and non-phosphorylated (SFK) on
Tyr-419 (B), and EGFR phosphorylated on Tyr-1173 (p-EGFR) and total levels of
EGFR (C). Ratios were determined by densitometry. *, significant decrease from
wounded controls (p � 0.001). D, HCLE cells transfected with control or Pyk2
siRNA were treated with 10 ng/ml EGF for 5 min where indicated prior to Western
blotting and densitometry. Columns are means, and error bars are S.D.

FIGURE 4. Expression of a Pyk2 dominant negative mutant inhibits SFK
and EGFR activation after wounding but not after stimulation with EGF.
HCLE cells infected with control adenovirus or adenovirus coding for PRNK
were incubated with apyrase and were wounded as indicated. Western blots
were probed for Pyk2 phosphorylated on Tyr-402 (p-Pyk2) and total levels of
Pyk2, PRNK, and �-actin (A), SFK phosphorylated (p-SFK) and non-phosphory-
lated (SFK) on Tyr-419 (B), and EGFR phosphorylated on Tyr-1173 (p-EGFR) and
total levels of EGFR (C). Ratios were determined by densitometry. *, significant
decrease from wounded controls (p � 0.001). D, HCLE cells infected with
control adenovirus or adenovirus coding for PRNK were treated with 10
ng/ml EGF for 5 min where indicated prior to Western blotting and densitom-
etry. Columns are means, and error bars are S.D.

FIGURE 5. Disruption of Pyk2 signaling by siRNA or PRNK inhibits wound-
induced activation of c-Src and Fyn. HCLE cells transfected with 10 nM con-
trol or Pyk2 siRNA (A and C) or infected with control adenovirus or adenovirus
coding for PRNK (B and D) were treated with apyrase and were wounded as
indicated. c-Src immunoprecipitates were immunoblotted for SFK phosphor-
ylated on Tyr-419 (p-SFK) and for total levels of c-Src (A and B). Fyn immuno-
precipitates were immunoblotted for SFK phosphorylated on Tyr-419 and for
total levels of Fyn (C and D). Ratios were determined by densitometry. *, sig-
nificant decrease from wounded controls (p � 0.001). Columns are means,
and error bars are S.D.
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does appear to be necessary for Fyn activation. Together, the
results from the studies with siRNA and PRNK indicate that
Pyk2 mediates activation of the SFKs and the EGFR after
wounding.
After wounding, EGFR activation is induced by the SFK-me-

diated proteolytic shedding of transmembrane ligands, such as
heparin-binding EGF-like growth factor or amphiregulin (15,
16). To test whether increasing Pyk2 signaling promotes SFK
and EGFR activation, we infected cells with adenovirus encod-
ingwild-type Pyk2, which caused highly increased levels of acti-
vated, phosphorylated Pyk2 and, as expected, highly increased
levels of activated SFKs (Fig. 6A). Importantly, Pyk2 overex-
pression also induced significant increases in the levels of acti-
vated EGFR (Fig. 6B), in agreement with a role for Pyk2 as an
upstream activator.
To address the mechanism of EGFR activation induced by

Pyk2 overexpression, we first incubated cells with the general
matrix metalloprotease inhibitor GM 6001. Treatment with
GM 6001 but not a structurally similar control compound
inhibited EGFR activation (Fig. 6B). GM 6001 did not inhibit
activation by exogenous ligand (15), and the result is consistent
with the notion that EGFR activation is the result of a proteo-
lytic event. Also, the anti-EGFR antibody LA1, which blocks

activation of the EGFR by ligands,
inhibited EGFR activation, whereas
control antibodies did not. These
data indicate that Pyk2 regulates
EGFR activation by triggering the
proteolytic release of transmem-
brane ligands.
Knockdown of Pyk2 by siRNA

inhibited wound-induced EGFR
activation (Fig. 3C). As a control, we
found that EGFR activation after
wounding was enhanced in siRNA-
transfected cells after overexpres-
sion of Pyk2 (Fig. 6C, compare with
Fig. 3C). Taken together, these data
indicate that Pyk2 signaling pro-
motes SFK and EGFR activation
after wounding.
We subsequently examined

whether reactive oxygen species
(ROS), which are produced rapidly
after wounding epithelial cell sheets
(42), are upstream of Pyk2 activa-
tion. We observed that incubation
of cells with the ROS inhibitors
N-acetyl cysteine or butylated
hydroxyanisole did not abrogate
Pyk2 activation after wounding,
although they inhibited activation
by H2O2, which generates ROS
(supplemental Fig. 4). This suggests
that ROS do not stimulate wound-
induced Pyk2 activation.
Pyk2 Activation Is Necessary for

Full Induction of Cell Motility—Be-
cause Pyk2 regulates SFK and EGFR activation, we expected
that modulation of Pyk2 signaling would alter healing rates in
our cell culture wound healing assay (see “Experimental Proce-
dures”). Transfection with a single oligonucleotide resulted in a
dose-dependent reduction of healing with a maximal 60%
reduction of healing (Fig. 7A). The effect of Pyk2 siRNA on
healing was not due to differences in cell division or death
because similar cell densitieswere observed in control and Pyk2
siRNA-transfected cultures (supplemental Fig. 3A). Impor-
tantly, treatment with 10 ng/ml EGF during healing resulted in
similar healing rates in control and Pyk2 siRNA-transfected
conditions (Fig. 7A). This shows that the effects of the siRNA
are not due to effects on downstream signaling by the EGFR or
on the basic motility machinery.
Infection of cells with PRNK-expressing adenovirus reduced

wound healing by 60% compared with infection with control
virus (Fig. 7A). The effect of PRNK expression on healing was
not due to differences in cell division or death because similar
cell densities were observed in control and PRNK-infected cul-
tures (supplemental Fig. 3B). The PRNK mutant used was
tagged with the FLAG epitope; in areas that contained a few
uninfected cells, the FLAG-negative cells had migrated further
than the FLAG-positive cells (Fig. 7B). The major part of the

FIGURE 6. Overexpression of wild-type Pyk2 stimulates SFK and EGFR activation. HCLE cells infected with
control adenovirus (Con) or adenovirus coding for Pyk2 were subjected to Western blotting for Pyk2 phosphor-
ylated on Tyr-402 (p-Pyk2), total levels of Pyk2, SFK phosphorylated (p-SFK) and non-phosphorylated (SFK) on
Tyr-419, and �-actin (A) and EGFR phosphorylated on Tyr-1173 (p-EGFR) and total levels of EGFR (B). 30 min
before lysis, cells were incubated with 10 �M GM 6001-negative control (GMneg) or GM 6001 (GM) or 2 h before
with 20 �g/ml non-immune IgG (IgG) or the EGFR ligand-binding domain antibody LA1 (LA1). Ratios were
determined by densitometry. *, significant increase from controls (p � 0.001). C, HCLE cells transfected with 10
nM Pyk2 siRNA were infected with control adenovirus or adenovirus coding for Pyk2 and then were treated with
apyrase and were wounded as indicated. Western blots were probed for EGFR phosphorylated on Tyr-1173
(p-EGFR), for total levels of EGFR and for total levels of Pyk2. Columns are means, and error bars are S.D.

FIGURE 7. Pyk2 activation is necessary for full induction of cell motility. A, HCLE cells were transfected with
control or Pyk2 siRNA or were infected with control or PRNK-expressing adenovirus prior to wound healing
assays in the presence of 25 units/ml apyrase and 10 ng/ml EGF (EGF) as indicated. The percentage change in
healing from corresponding untreated or EGF-treated control was plotted. *, p � 0.001 (significant difference
from untreated controls); **, p � 0.05 (significant difference from EGF-treated controls); ND, no significant
difference from EGF-treated controls (p � 0.05). Columns are means, and error bars are S.D. B, immunofluores-
cence microscopy of cells treated as in A. Images were acquired with a �20 objective. All cells stained for
F-actin, but only PRNK-expressing cells stained for FLAG.
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reduction of motility caused by PRNK was recovered by the
addition of exogenous EGF, but motility was still 20% below
controls under these conditions. This is probably due to the
numerous protein/protein interactions that are expected to be
disrupted by the dominant negative approach. Pyk2 and PRNK
interact with paxillin (43), a component of focal adhesions, and
we monitored localization of paxillin by immunofluorescence
confocal microscopy. In both FLAG-negative and FLAG-posi-
tive cells, paxillin was observed in small puncta near the base of
the cell that co-localized with termini of actin fibers (supple-
mental Fig. 3C), indicating that PRNKexpression does not cause
any major perturbation of focal adhesions. Because inhibition
of Pyk2 signaling both by siRNA and the dominant negative
PRNK resulted in inhibition of healing, we conclude that full
induction of cellmotility in epithelial cells depends on Pyk2 and
its downstream signaling to the SFKs and the EGFR.

DISCUSSION

Activation of the SFKs and the EGFR in cells near the wound
edge is crucial for induction of cell movement (10, 44), but the
signals that trigger activation of the kinases after wounding are
still only partially known. In this paper, we have identified Pyk2
as an upstream regulator of wound-induced SFK and EGFR
activation. Evidence for this conclusion includes the following:
1) Pyk2 was activated rapidly after wounding, and pharmaco-
logical inhibition of signaling by the SFKs or the EGFR did not
abrogate Pyk2 activation; 2) association of c-Src and Pyk2 was
increased after wounding; 3) overexpression of wild-type Pyk2
stimulated EGFR activation; and 4) inhibition of Pyk2 signaling
with siRNA or a dominant negative mutant inhibited SFK and
EGFR activation and healing of wounds in cell sheets. These
observations, combinedwith previously published reports from
our laboratory and other laboratories, have led to development
of theworkingmodel formechanisms of wound-induced EGFR
activation near the epithelial wound edge shown in Fig. 8.
Wounds are detected by some type of sensors, whose identities
at present are unknown, and trigger activation of Pyk2, which
subsequently binds and stimulates SFK activity. In a parallel
signaling response, ATP is released from cells at the wound
edge, through either cell breakage or an unidentified channel in
the cell membrane, and stimulates SFK activity by binding to
purinergic receptors that signal through phospholipase D.
Once activated, the SFKs mediate the proteolytic release of

EGFR ligands that bind to and activate the EGFR (5, 10, 15, 21,
45, 46).
In the present study, we have observed partial but not com-

plete inhibition of EGFR activation and wound healing by Pyk2
siRNA or by expression of PRNK. This may be due to incom-
plete inhibition of Pyk2 signaling. Alternatively, it may suggest
the presence of additional mechanisms of SFK and EGFR acti-
vation after wounding (Fig. 8). Wounding a sheet of epithe-
lial cells is a complex event that challenges cells with numer-
ous stimuli that have been hypothesized to promote EGFR
activation, including exposure to extracellular matrix, physi-
cal stretch, loss of polarity, and loss of physical constraints (47–
49), and full activation of the EGFR may therefore depend on
several signals. The speed of wound re-epithelialization deter-
mines clinical outcomes (50–52), so a complete understanding
of the mechanisms that induce EGFR activation is essential for
understanding how certain pathologies interfere with healing
and for developing therapies to improve healing.
The mechanism of wound-induced Pyk2 activation is pres-

ently unknown. Our data do not indicate that reactive oxygen
species are responsible for activation of Pyk2, but new integrin/
matrix adhesions, increased calcium concentrations, and actin
cytoskeletal dynamics have all been observed within minutes
after wounding and are known to activate Pyk2 (24, 25, 53–55).
The extent to which these signals contribute to Pyk2, SFK, or
EGFR activation in the present system is unclear.
Some evidence indicates that Pyk2 activation is stimulated by

EGFR signaling (31–33), and we have observed Pyk2 activation
in HCLE cells treated with EGF,3 suggesting the presence of
positive feedback loops in the wounded epithelium. Indeed,
inhibition of EGFR signaling with tyrphostin AG 1478 resulted
in slight, albeit statistically not significant, reduction of Pyk2
activation after wounding (Fig. 1C).
In this report, we have tested the hypothesis that Pyk2 signal-

ing is necessary for wound-induced EGFR activation by using
Pyk2-targeted siRNA oligonucleotides (Fig. 3) and by expres-
sion of the Pyk2 dominant negative, PRNK (Fig. 4). Several
studies investigating the mechanisms of EGFR transactivation
by GPCR agonists have led to suggestions that Pyk2 mediates
EGFR transactivation (56–59), although some studies have
indicated that Pyk2 and EGFR activation are unrelated events
(60, 61). Two studies tested directly whether Pyk2 signaling is
necessary for EGFR activation; EGFR transactivation by GPCR
agonists was inhibited in Pyk2-deficient fibroblasts (62), and
EGFR transactivation by thiazolidinediones was inhibited by
Pyk2-targeted siRNA in a liver epithelial cell line (36). There-
fore, data presented in this paper add to themounting evidence
for an important connection between Pyk2 and the EGFR. This
generates interest in Pyk2 as a therapeutic target for not only
wound healing but also EGFR-related pathologies, such as cer-
tain cancers and cardiac hypertrophy (41, 63–67).
Most studies are in accord with a positive role for Pyk2 in

promoting motility, as we have shown here in HCLE cells.
Decreasing Pyk2 expression inhibited motility of vascular
smooth muscle cells (68), glioma cells (69), and macrophages

3 E. R. Block and J. K. Klarlund, unpublished observations.

FIGURE 8. A model for mechanisms of EGFR activation at the epithelial
wound edge. See “Discussion” for details. P, protease of the MMP or ADAM
families; Lig, transmembrane EGFR ligand; PLD2, phospholipase D2; P2R,
type-2 purinergic receptor.
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(70). Furthermore, Pyk2 overexpression increased motility of
glioma (69) and hepatocellular carcinoma (41) cells, and
expression of a catalytically active Pyk2 mutant enhanced
motility of endothelial (71) and breast cancer (72) cells. How-
ever, a few studies are at variance with this conclusion; Pyk2
siRNA stimulatedmotility of prostate epithelial cells (73), and a
kinase-dead Pyk2 mutant had no effect on motility of breast
cancer cells (72). Our conclusion that Pyk2 is an upstream acti-
vator of the EGFR provides a rationale for a promigratory role
in cell motility because the EGFR is widely recognized to stim-
ulate cell migration.
In summary, the results presented here identify Pyk2 activa-

tion as a critical early signal that leads to SFK and EGFR activa-
tion in cells near the wound edge. By stimulating SFKs and the
EGFR, Pyk2 activation is necessary for healing of epithelial
wounds.
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