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Abstract
Hepatocyte growth factor (HGF) is a potent inducer of motility in epithelial cells. Since we have
previously found that activation of the epidermal growth factor receptor (EGFR) is an absolute
prerequisite for induction of motility of corneal epithelial cells after wounding, we investigated
whether induction of motility in response to HGF is also dependent on activation of the EGFR. We
now report that HGF induces transactivation of the EGFR in an immortalized line of corneal epithelial
cells, in human skin keratinocytes, and in Madin-Darby canine kidney cells. EGFR activation is
unconditionally required for induction of motility in corneal epithelial cells, and for induction of a
fully motile phenotype in Madin-Darby canine kidney cells. Activation of the EGFR occurs through
amphiregulin and heparin-binding epidermal growth factor-like growth factor. Early after HGF
stimulation, blocking EGFR activation does not inhibit extracellular-signal regulated kinase 1/2
(ERK1/2) activation by HGF, but the converse is seen after approximately one hour, indicating the
existence of EGFR-dependent and -independent routes of ERK1/2 activation. In summary, HGF
induces transactivation of the EGFR in epithelial cells, and this is a prerequisite for induction of full
motility.
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Introduction
Hepatocyte Growth Factor (HGF)/scatter factor is a strong inducer of motility in epithelial cells
[for reviews see: 1-4]. It is predominantly produced by mesenchymal cells, and interacts with
a receptor, MET, that is present in most epithelia. HGF has numerous effects: during wound
healing it stimulates re-epithelization, stimulates angiogenesis, promotes deposition of
extracellular matrix, and modulates immune function. HGF/MET provides a strong mitogenic
signal, and MET was originally isolated as an oncogene. HGF/MET signaling is also a major
contributor to malignant progression of common human tumors, increasing their tendency to
invade and metastasize over time. For these reasons there is considerable interest in developing
drugs to target HGF/MET signaling to combat cancer [for reviews see: 5-8].
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We and others have previously reported that the epidermal growth factor receptor (EGFR) is
activated upon wounding sheets of corneal epithelial cells, as it is in vivo, and that its activation
is necessary for healing [9-11]. The classic mode of EGFR activation occurs by binding to any
of a small number of ligands [12]. Activation of some receptors may lead to transactivation of
the EGFR, and in this way other receptors may commandeer the EGFR and its down-stream
signaling pathways [13, 14]. Since HGF strongly stimulates migration of corneal epithelial
cells [15-17] it seemed reasonable to hypothesize that EGFR signaling might be part of the
mechanism whereby HGF induces motility. We therefore studied the role of EGFR in HGF
signaling in corneal epithelial cells.

Materials and Methods
Materials

HCLE cells were kindly provided by Dr. Irene Gipson, human epidermal keratinocytes were
from Cascade Biologicals, and MDCK type II cells were a gift from Dr. Ora Weisz. HGF was
from Chemicon, tyrphostin AG 1478 was from Alexis Biochemicals, and GM6001 was from
EMD Biosciences. Anti-amphiregulin and anti-HB-EGF were from R&D Systems. Antibodies
against phospho-ERK1/2, MET, and the EGFR phosphorylated on tyrosine 1173 were from
Santa Cruz Biotechnology. Antibodies to Ecadherin were from BD Transduction Laboratories.
Antibodies against MET phosphorylated on tyrosine 1234/1235 were from Cell Signaling.
Alexa Fluor® 546-conjugated phalloidin was from Invitrogen™.

Tissue culture, growth factor stimulation, and measurement of amphiregulin release
HCLE cells were grown in keratinocyte serum-free medium (Gibco-Invitrogen) supplemented
with 25 μg/ml bovine pituitary extract, 0.2 ng/ml epidermal growth factor (EGF), and 0.3 mM
CaCl2. Stimulations were performed after incubating sub-confluent cells overnight in the same
medium without added EGF. Stimulations with HGF (10 ng/ml) or EGF (100 ng/ml) were for
10 minutes. Human epidermal keratinocytes were treated similarly except that pituitary extract
was omitted for the overnight starvation. MDCK cells were grown to confluence in Dulbecco's
Modified Eagle's Medium with 10% fetal calf serum, and starved overnight in the same medium
with 2% fetal calf serum. Chemical inhibitors were added 15 minutes prior to stimulation, and
neutralizing antibodies were added 4-6 hours before stimulation. Amphiregulin release was
measured using the DuoSet ELISA (R & D systems). The cells were starved and incubated as
described above. Supernatants were clarified by centrifugation at 5000xg for 1 minute and
assayed according to the manufacturer's instructions.

Wounding assay
HCLE cells were grown in the presence of agarose strips [10]. When near confluence, cells
were stratified by transfer to a high Ca2+ medium (Dulbecco's Modified Eagles Medium: F12
1:1, with 10% new-born calf serum and 10 ng/ml EGF). Three days later, cells were transferred
to the same medium with 2% new-born calf serum and no EGF. The following day, the strips
were removed, and wounds allowed to heal for 14 hours. MDCK cells were grown in DMEM
with 10% fetal calf serum, and transferred to 2% fetal calf serum the day before the experiment.
Experiments with mitomycin C demonstrated that HGF-induced healing of wounds in MDCK
cells was due to cell migration.

Immunofluorescence, microscopy, and immunoblotting
Immunofluorescence labeling was performed using formaldehyde-fixed cells, and microscopy
was performed as described previously [10]. Images were captured on an Olympus 1 × 70
inverted microscope equipped with a Bio-Rad Radiance 2000® confocal system and
Lasersharp® software using a 40x objective. Phase contrast microscopy was performed using
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a Nikon TS100 microscope with a 20x objective and the “Spot” imaging system (Diagnostics
Instruments, Inc.). Western blotting was performed according to standard procedures, and blots
were developed using the SuperSignal® Dura detection kit (Pierce). Ponceau S staining of
blots and phalloidin staining of fixed cells were performed as described [18]. The
autoradiograms were scanned with the BioRad Fluor-S™ MultiImager and densitometry
analysis performed with Quantity One software (BioRad). Statistical analysis was performed
using the unpaired students's t test.

Results and discussion
HGF induces transactivation of the EGFR in corneal epithelial cells

HCLE cells are human corneal limbal epithelial cells that have been immortalized by a three-
step process involving abrogation of p16INK4A/Rb and p53 functions, and overexpression of
the catalytic subunit of the telomerase holoenzyme [19]. They express the keratins K3 and K12
which are specific markers for the corneal epithelium. When grown in low Ca2+ concentrations,
they grow as monolayers, but stratify upon transfer to high Ca2+. They therefore serve as a
model for native corneal epithelial cells which are stratified in their resting state, but spread
out to form monolayers when they cover wounds.

Unstratified HCLE cells were stimulated with HGF and extracts were immunoblotted with an
antibody that recognizes the EGFR phosphorylated on tyr-1173. As expected, HGF induced
strong activation of its receptor MET (Fig. 1A). Importantly, HGF also induced
phosphorylation of the EGFR, reaching a maximum after 10 minutes (Fig. 1A and C).
Stimulations were routinely performed in the presence of pituitary extract (which is used in
the growth medium of the cells) since these conditions were found to yield the strongest
activations, but increases were also apparent after cells had been incubated overnight without
this supplement. The EGF receptor was also phosphorylated in response to HGF in their
stratified state, but to a lesser extent. This may simply be due to the fact that added HGF only
reaches the uppermost cell layer in the multilayered epithelium. Tyr-1173 is
autophosphorylated by the receptor, and the EGFR kinase inhibitor tyrphostin AG 1478
blocked tyr-1173 phosphorylation completely. Interestingly, tyrphostin AG 1478 significantly
decreased phosphorylation of MET by HGF (Fig 1A). The EGFR is known to transactivate
MET [20-22], and the result suggests that part of the stimulation of MET in response to HGF
is routed through the EGFR.

The activation of extracellular-signal regulated kinase 1/2 (ERK1/2) was monitored by
immunoblotting with an antibody that recognizes the activated, phosphorylated forms of the
kinases. As expected, HGF clearly activates ERK1/2. Early after stimulation by HGF, ERK1/2
activation was not reduced in the presence of tyrphostin AG 1478 (Fig. 1C), whereas EGF-
induced activation was completely blocked by tyrphostin AG 1478 (Fig. 1B), suggesting that
activation of ERK1/2 by HGF occurs independently of EGFR signaling. At one hour and later,
tyrphostin AG 1478 blocks activation of ERK1/2, indicating that it is at later times regulated
by the EGFR. In most cells, ERK is absolutely required for motility, and we have found that
addition of the ERK inhibitor UO126 completely blocks healing of wounds in sheets of HCLE
cells. The requirement for EGFR activity in these cells could therefore reflect a requirement
for ERK activation.

Activation of the EGFR by HGF occurs through the triple membrane-passing signaling
(TMPS) mode

Transactivation of the EGFR can occur intracellularly through reactive oxygen species, which
are thought to inactivate tyrosine phosphatases that deactivate the receptor, and through
p60src-mediated mechanisms [23-27]. Heterodimerization of the EGFR with unrelated
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receptors may also provide an intracellular mode of transactivation [28-30]. Alternatively,
activation of certain receptors, particularly G-protein coupled receptors, can result in
proteolytic cleavage of precursors of the EGF family of ligands located in the cell membrane,
which can then bind and activate the EGFR; this is known as the triple membrane-passing
signaling mechanism [13, 14]. When the broad-range metalloprotease inhibitor GM6001 was
added to the cells, activation of the EGFR by HGF was inhibited (Fig. 2A), indicating that a
proteolytic event is required for activation. GM6001 does not block activation of the receptor
by EGF, indicating that the compound does not act by inducing general toxicity in these cells
[10]. Addition of the LA1 antibody, which binds to the extracellular domain of human EGFR
[31], also abrogated HGF stimulation of the receptor, supporting that HGF induces activation
of the EGFR through a mechanism that requires ligand binding.

We further tested neutralizing antibodies against ligands of the EGFR. As is seen in figure 2B,
antibodies against amphiregulin clearly inhibited activation of the receptor, whereas an
antibody against heparin-binding EGF-like growth factor (HB-EGF) had less effect.
Antibodies against tumor necrosis factor-α and EGF were without effect (data not shown). The
results suggest that HGF-mediated EGFR activation is predominantly mediated through
amphiregulin signaling under these conditions.

To directly measure release of ligands into the tissue culture supernatant, unstratified HCLE
cells were cultured and starved as in other experiments, then were incubated for one hour with
no treatment, with 10ng/ml HGF, or with HGF and 50 μM GM6001. Cell-free supernatants
were collected, assayed, and protein contents of whole cell extracts were determined for
normalization. As is seen in figure 2C, HGF induced a two-fold increase in release of soluble
amphireguin. Importantly, the amount of amhiregulin detected in the supernatant was reduced
in the presence of the protease inhibitor GM6001, supporting the notion that it is released as a
result of proteolytic activity. HB-EGF was not detected in the tissue culture supernatants, even
after addition of phorbol myristic acetate, which is a strong inducer of cleavage of the
precursors of ligands of the EGFR. This negative result could either be due to inadequate
sensitivity of the assay system, or it could be due to the fact that HB-EGF binds tenaciously
to the surfaces of cells.

We have previously reported that wounding induces transactivation of the EGFR through PLD
[18]. However, in contrast to wounding, we find no activation of PLD after stimulation with
HGF in HCLE cells. Src and protein kinase C have also been implicated as upstream activators
of EGF receptor transactivation [13], but the their inhibitors, pp2 and bisindolymaleimide, do
not block the EGFR transactivation by HGF (data not shown). Thus, the signaling intermediates
between the MET and the proteolysis of the ligands for the EGFR remain to be determined.

Requirement of EGFR activation for HGF-induced motility in HCLE cells
A prominent feature of HGF is its ability to induce scattering of colonies of epithelial cells.
HCLE cells undergo marked scattering upon treatment with HGF (Fig. 3A). Scattering induced
by HGF is inhibited by tyrphostin AG 1478 and the LA1 anti-EGFR antibody, but not by
control immunoglobulin (data not shown), strongly supporting a role for the TMPS mechanism
in HGF-induced scattering. Inhibition of scattering was also seen by addition of anti-
amphiregulin antibody. Addition of EGFR ligands such as EGF, HB-EGF, or amphiregulin
induced scattering of colonies to an extent similar to that seen with HGF (Fig. 3A, and data
not shown).

Epithelia generally move as integral sheets, and a healing of wounds in confluent cell layers
is presumably a more relevant model for healing. As a more quantitative measure of motility,
we also evaluated the role of TMPS in wound healing. Unstratified HCLE cells heal very
slowly, but upon stratification, HGF-accelerated wound closure is readily detected (Fig. 3B).
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It should be noted that the HCLE cells do not divide when stratified (Fig. 3C), so healing
reflects cell movement rather than cell division. When tyrphostin AG 1478 or LA1 antibody
was added, healing was totally abrogated, demonstrating an absolute requirement of EGFR
activation.

The effects of ligand-neutralizing antibodies on wound healing were also examined. As is seen
in figure 3D, addition of anti-amphiregulin antibody had little detectable effect, whereas some
effect was seen with the anti-HB-EGF antibody. The combination of both antibodies strongly
blocked HGF-induced wound closure, demonstrating that these two ligands are the major
determinants of cell motility. In figure 3E, we illustrate the effect of the ligands on wound
closure. Amphiregulin or EGF (not shown) were not as potent in accelerating healing as was
HGF, however, HB-EGF induced a similar degree of healing (Fig 3E). This may be related to
the fact that the two former ligands only activate the EGFR, whereas HB-EGF also activates
the EGFR-related receptor ErbB4 [12].

Clearly, the activity of HGF is dependent on activation of the EGFR in HCLE cells though
amphiregulin or HB-EGF signaling. The two ligands obviously both can participate in
mediating HGF activity, but their relative roles seem to vary according to the parameter that
is assayed. For instance, when unstratified cells are stimulated with HGF for 10 minutes,
amphiregulin is the dominant ligand that induces EGFR phosphorylation (Fig 2B). However,
in the wounding assays, which are long-term assays with stratified cells, the antibody-blocking
showed that both are important.

HGF-induced transactivation of the EGFR in human epidermal keratinocytes and Madin-
Darby canine kidney (MDCK) cells

To determine whether HGF-induced EGFR activation is particular to HCLE cells we also tested
other epithelial cells. The EGFR was found to be activated by HGF in human epidermal
keratinocytes. Activation was inhibited by the protease inhibitor GM6001 and by the LA1
antibody, strongly suggesting that it occurs through a TMPS mechanism as in HCLE cells (Fig.
4).

MDCK cells are commonly used as a generic model of epithelial cells. HGF increased
phosphorylation of tyr-1173 in the EGFR, and the increase was blocked by tyrphostin AG 1478
and GM6001, again pointing to a TMPS mode of activation (Fig. 5A). Since the LA1 antibody
is human-specific, its effect on MDCK cells could not be evaluated. HGF induces scattering
strongly in MDCK cells, but blocking EGFR activation with tyrphostin AG 1478 in the
presence of HGF had interesting effects: the cells flattened out, numerous lamellipodia were
seen at the peripheries of the colonies, but the cells did not dissociate (Fig. 5B). The
cytoskeleton in MDCK cells undergoes marked reorganization in response to HGF: the
prominent actin cable that surrounds the colonies is dissolved, cortical f-actin disappears, and
stress fibers tend to become less prominent [32, 33]. In the presence of tyrphostin AG1478,
stress fibers were very prominent, and the actin cable at the circumference was intact, but
almost complete dissolution of cortical actin was observed (Fig. 5C). Tyrphostin AG 1478 did
not interfere with the internalization of E-cadherin that occurs in response to HGF (data not
shown). Tyrphostin AG 1478 partially reduced healing in a wounding assay (Fig. 5D).
Stimulation of MDCK cells with EGF or HB-EGF only induced scattering very weakly, as has
been previously reported [34, 35], and had little effect on the healing rate in sheets of MDCK
cells (data not shown).

Taken together, these data suggest that transactivation of the epidermal growth factor by HGF
through the TMPS mode is a general phenomenon in epithelial cells. In HCLE cells, EGFR
activation is absolutely required for induction of motility in response to HGF, and induction
of the fully motile phenotype in MDCK cells also requires EGFR signaling. Cell-specific
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differences were also seen when ligands for the EGFR were added. EGF, amphiregulin and
HB-EGF induced full scattering in HCLE cells, and HBEGF induced healing of wounds in
sheets of the cells as potently as did HGF. In contrast, the ligands had little effects in MDCK
cells suggesting that HGF induces an additional array of signals in these cells.

Interactions between the HGF receptor and the EGFR have been reported previously. Scheving
et al. described that addition of an inhibitor of the EGFR kinase blocks HGF-induced DNA
synthesis in hepatocytes [36]. It is not clear whether this reflects a requirement of basal EGFR
activity, since stimulation of the EGFR by HGF was not reported. Conversely, stimulation of
the EGFR was found to result in tyrosine phosphorylation of MET in several cancer cell lines
either through a TMPS type of mechanism, or through production of reactive oxygen species
[20-22].

HGF is important in inducing motility in the corneal epithelium so wounds can be covered
rapidly [37, 38]. Our results show that HGF promotes motility in part by activating the EGFR,
and in this way HGF appropriates the well-described motility-inducing signaling pathways of
the EGFR. Increased activity of the EGFR is a major contributor to malignant transformation
and tumor progression, and many mechanisms for its activation have been identified [39-41].
We suggest that the increased HGF/MET signaling that occurs regularly during progression
of common human tumors [1-3] contributes to EGFR activation. As a consequence,
pharmacological interference with EGFR signaling may be useful in managing tumors driven
by aberrant HGF signaling.
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Fig. 1.
Activation of the EGFR by HGF in corneal epithelial cells. (A) HCLE cells were treated with
10 ng/ml HGF for 10 minutes, the extracts were immunoblotted with an antibody that
recognizes the EGFR phosphorylated on tyr-1173, and the blots were stripped and subsequently
blotted with an antibody that recognizes the total amount of EGFR. The same blots were
immunoblotted with an antibody that recognizes activated ERK1/2. The extracts were also
immunoblotted with antibodies against MET and MET phosphorylated on tyr-1234/1235.
Where indicated, 10 μM tyrphostin AG 1478 was added for 15 minutes before treatment. The
bar graph shows the results of densitometry of the autoradiograms. The values in this and the
following figures are means of triplicates or more, and the error bars are standard deviations.
Analysis by the students's t test for unpaired samples showed significant increase of the signal
from the EGFR in response to HGF (*, P<0.005). The signal from MET in response to HGF
was significantly reduced in the presence of tyrphostin AG 1478 (**, P<0.005) (B) Cells were
treated with 100 ng/ml EGF, and processed similarly. (C) Cells were treated for the indicated
times and extracts immunoblotted as in (A). pERK1/2 was significantly reduced in the presence
of tyrphostin AG 1478 (*, P<0.0005).
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Fig. 2.
Activation of the EGFR by HGF occurs through the TMPS mode of activation in HCLE cells.
(A) HCLE cells were pre-incubated with 50 μM GM6001 (GM), 20 μg/ml non-immune
immunoglobulin (NI-Ig), or 20 μg/ml of the EGFR-neutralizing LA1 antibody (LA1), and
immunoblotted with an anti-pEGFR(tyr-1173) antibody. The signals were significantly
reduced in the presence of GM6001 and LA1 antibody (*, P< 0.01; **, P<0.0005). (B) Cells
were pretreated with 20 μg/ml of neutralizing antibodies against HB-EGF (αHB) or
amphiregulin (αAR) and immunoblotted as in A. The signals in response to the anti-
amphiregulin antibody was significantly reduced (*, P<0.05). (C) Amphiregulin was measured
in supernatants from HCLE cells. Amphiregulin was measured in supernatants from HCLE
cells following one hour treatments and results were normalized to total protein content of
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whole cell extracts. Equal loading of the lanes in the blots in this and the following figures
were monitored by protein staining with Ponceau S Red.
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Fig. 3.
Activation of the EGFR is absolutely required for induction of motility by HGF in HCLE cells.
(A) HCLE cells were grown for four days to form colonies, and were incubated with 10 ng/ml
HGF for five hours or were left untreated. Where indicated, stimulation was performed in the
presence of 10 μM tyrphostin AG 1478 (tyr), 20 μg/ml LA1 antibody, 100 ng/ml EGF, or 20
μg/ml anti-amphiregulin antibody (αAR), and photographed in phase-contrast. (B). Wound
healing was monitored as described [10] in the presence of the indicated reagents. The means
of quadruplicate measurements are shown and the error bars are standard deviations in this and
the following panels. (C) HCLE cells were seeded and treated as in the wound-healing assays.
They were counted at day 0, or incubated for four days with or without 10 ng/ml HGF and
counted again. (D) Wound healing was performed similarly to (B) in the presence of 20 μg/ml
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of the indicated antibodies. (E) Wound-healing was performed in the presence of 50 ng/ml
amphiregulin or HB-EGF, or 10 ng/ml HGF, as indicated.
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Fig 4.
Transactivation of the EGFR by HGF in human skin keratinocytes. Human skin keratinocytes
were stimulated with 10 ng/ml HGF for 10 minutes in the presence of 50 μM GM6001 (GM),
20 μg/ml non-immune IgG (NI-Ig), or 20 μg/ml LA1 antibody and immunoblotted with an
anti-pEGFR(tyr-1173) antibody. The signals were significantly reduced in the presence of
tyrphostin AG1478, GM6001, and LA1 antibody (*, P< 0.001; **, P< 0.01; ***P< 0.005).
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Fig 5.
Transactivation of the EGFR is required for induction of a fully motile phenotype in MDCK
cells. (A) Activation of the EGFR in MDCK cells under conditions similar to those shown in
Fig. 1B except that 20 ng/ml HGF was used. The signals were significantly reduced in the
presence of tyrphostin AG1478 and GM6001 (*, P< 0.0005; **, P< 0.001) (B) Phase contrast
photo-micrographs of control MDCK colonies, colonies stimulated with 20 ng/ml HGF for 7
hours, and colonies stimulated with HGF in the presence of 10 μM tyrphostin AG 1478 (tyr).
(C) Cells were stained with Alexa Fluor® 546-labeled phalloidin. (D) Wounding assay was
performed as in Fig. 3B. The means of quadruplicate measurements are shown and the error
bars are standard deviations.
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