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Purrose. In many cell types, the E3 ubiquitin ligase, c-Cbl, induces ligand-dependent
ubiquitylation of the epidermal growth factor receptor (EGFR) and targets the receptor for
lysosomal degradation. The goal of this study was to determine whether c-Cbl is a negative
regulator of EGFR in the corneal epithelium and if it can be inhibited to promote corneal
epithelial homeostasis.

Metnops. Expression and activity of c-Cbl were blocked in immortalized human corneal
epithelial cells (WTCEpi) using RNAi and pharmacological agents ([4-amino-5-(4-methylphen-
yD-7-(t-butyDpyrazolo-d-3,4-pyrimidine] or PP1). Following c-Cbl inhibition, cells were
assessed for ligand-dependent receptor ubiquitylation, receptor phosphorylation, and in
vitro wound healing. Subsequent experiments used PP1 in hTCEpi cells and monitored in
vivo murine corneal epithelial wound healing.

Resurts. Knockdown and inhibition of ¢-Cbl decreased ligand-dependent ubiquitylation of the
EGFR and prolonged receptor activity as measured by tyrosine phosphorylation. Further,
these treatments also increased the extent of ligand-dependent corneal epithelial wound
healing in vitro and in vivo.

ConcLusioN. Manipulating the duration of EGFR activity can enhance the rate of restoration of
the corneal epithelial layer. Based on our findings, ¢-Cbl is a new therapeutic target to
enhance EGFR-mediated corneal epithelial homeostasis that bypasses the limitations of

previous approaches.
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ne of the keys to healthy vision is maintaining an intact
O corneal epithelium. It must be an impermeable barrier to
exogenous agents (small particles, bacteria, viruses, and so
forth) and fully differentiated such that it properly refracts light.
There are a number of factors that can disrupt the integrity of
the corneal epithelium, including injury, side effects from
medications, and an indirect consequence of disease.'"* The
goal of this research was to identify the molecular mechanisms
that maintain the homeostasis of the corneal epithelium with
the long-term goal of developing novel therapeutic strategies to
restore damaged tissue.

The epidermal growth factor receptor (EGFR) is a well-
established mediator of corneal epithelial homeostasis.>° In
experimental models, ligand-mediated activation of this recep-
tor accelerates corneal epithelial wound healing.!:5¢ Patients
taking inhibitors of the EGFR (i.e., erlotinib and cetuximab) as
anticancer therapy have an increased incidence of corneal
erosions.” However, therapeutic administration of recombi-
nant EGF has had mixed results in patients with compromised
corneal epithelium.8-!! There are numerous potential explana-
tions to explain the discrepancies between experimental and
clinical data. One possibility is that the ligand-receptor complex
undergoes downregulation after administration of exogenous
growth factor. That is, on ligand binding, the ligand-receptor
internalizes and is targeted for degradation, thereby limiting the
magnitude and duration of EGFR signaling.!? Alternatively, the
addition of exogenous ligand may not be effective because of
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the relatively high levels of endogenous EGE!*> With these
potential explanations in mind, we have redirected our efforts
to identify new ways of sustaining receptor activity once ligand
is bound.

In this regard, we have targeted the endocytic pathway, a
dynamic, cellular process that controls the level of cell surface
receptor expression, the duration of receptor activity, and
interaction with downstream signaling molecules.'* Endocyto-
sis is a constitutive process that occurs both in the presence
and absence of ligand binding; in the unliganded, inactive state,
EGFR endocytosis occurs slowly and quickly recycles back to
the plasma membrane. In the presence of growth factor, the
ligand-receptor complex internalizes much more rapidly, and
for many ligands, gets targeted to the lysosome for degradation,
which effectively terminates signaling. For additional EGFR
signaling to occur, the receptor must be newly synthesized and
trafficked to the plasma membrane to make it accessible to
extracellular growth factor. The generation of new receptors is
a lengthy and energy-intensive process.

The route of EGFR endocytosis has been fairly well
delineated.'® Receptors enter the cell via clathrin-enriched
membrane domains that invaginate into the cell (called clathrin-
coated pits) and subsequently pinch off to form intracellular
clathrin-coated vesicles. The clathrin is shed from the vesicle
and is recycled for further use; the resulting intermediate
vesicle then fuses with an early endosome where it can be
sorted for its cellular destination: recycling to the plasma
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membrane,'> the nucleus,'® endoplasmic reticulum,'” or

lysosome for degradation.!® During this process, the EGFR
gets ubiquitylated, allowing it to interact with the Endosomal
Sorting Complexes Required for Transport (ESCRT) machin-
ery.!? Specifically, the ubiquitylated EGFR binds to tumor
suppressor gene 101 (TSG101, part of the ESCRT-1 complex),
which guides the receptor from the limiting membrane of the
late endosome/multivesicular body (LE/MVB) into interluminal
vesicles (ILVs).2° A fusion reaction allows transfer of the
contents of the LE/MVB (i.e., ILVs) to the lysosome for
degradation.?!

In cancer cells, EGFR ubiquitylation is mediated by the E3
ubiquitin ligase, cellular Casitas B-lineage Lymphoma gene (c-
Cbl).?? Certain acute myeloid leukemias, as well as other
cancers, are characterized by mutated c-Cbl, which prevents
the downregulation of signaling proteins, like EGFR.2> The
result is cells that are more aggressive in migration and
proliferation. Here, we examine the role of c-Cbl as a regulator
of EGFR degradation in human corneal epithelial cells and test
the hypothesis that antagonizing c-Cbl activity will prolong
EGFR activity and sustain its signaling.

In corneal epithelial cells, c-Cbl mediates ubiquitylation of
the EGFR in a ligand-dependent manner. Further, inhibition of c-
Cbl expression by RNA interference (RNAi) will attenuate
ligand-dependent EGFR ubiquitylation, alter trafficking of the
EGF-EGFR complex, and promote EGFR-mediated cell migra-
tion. Pharmacological antagonism of ¢-Cbl also decreases ligand-
stimulated EGFR ubiquitylation and enhances EGF-stimulated
corneal epithelial wound healing in vitro and basal corneal
epithelial wound healing in vivo. Thus, c-Cbl is a promising new
target to enhance corneal epithelial homeostasis.

MATERIALS AND METHODS

Cell Culture

Human telomerase-immortalized corneal epithelial cells (hTCE-
pi) were obtained from Geron Corp. (Menlo Park, CA, USA), as
described previously.?* Cells were maintained in growth media
(Defined Keratinocyte Media with growth supplement; Invi-
trogen, Grand Island, NY, USA) containing 100 U/mL penicillin
and 100 U/mL streptomycin at 37°C in 5% CO,.

Primary human corneal epithelial cells were derived from
corneas that were unusable for transplantation (Oklahoma
Lion’s Eye Bank, Oklahoma City, OK, USA).!> Use of human
tissue adhered to the tenets of the Declaration of Helsinki.

Generation of Lentivirus and Production of hTCEpi
(-c-Cbl) Cells

A sequence targeting ¢-Cbl (5-CCCGTACTATCTTGTCAAGATA-
3"y was obtained from RNAi Codex.?> Sense and antisense
oligos (IDT) were annealed and ligated into BfuAl cut
pEN_TTRmiRc2 (AddGene, Cambridge, MA, USA). Next,
pEN_TTRmiRc2 and pSLIK Neo (AddGene) were in vitro
recombined using Gateway LR Clonase II (Invitrogen) to create
PSLIK shRNA c-Cbl Neo.?® Constructs were confirmed by DNA
sequencing. Lentiviruses were prepared by calcium phosphate
transfection of HEK293 cells plated on poly-l-lysine (Sigma, St.
Louis, MO, USA)-coated plates with 20 ng transfer vector, 6 ug
pMD2.G, 10 ng pMDL/RRE g/p, and 5 pg pRSV-REV per 10-cm
plate. Cell supernatant was collected 48 hours and 72 hours
posttransfection, filtered with a 0.2-um filter, and precipitated
using polyethylene glycol. Virus was resuspended in Dulbec-
co’s modified Eagle’s medium (DMEM) and added to cells in the
presence of 8 pg/mL of polybrene (Sigma) overnight. Infected
cells were grown and selected with hTCEpi cell growth media
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supplemented with 800 ng/mL G418 (Gibco/Invitrogen, Grand
Island, NY, USA) for 2 weeks.

Cell Lysate Preparation and Immunoblotting

Cell lysates were generated and immunoblots were performed
as described previously.?” Proteins were detected using
antibodies against EGFR (SC-03; Santa Cruz Biotechnology,
Santa Cruz, CA, USA), phosphotyrosine (pY99) (SC-7020; Santa
Cruz Biotechnology), ¢-Cbl (Cell Signaling, Danvers, MA, USA),
ubiquitin (Ub) (SC-8017; Santa Cruz Biotechnology), o-tubulin
(T6199; Sigma), horseradish peroxidase (HRP)-conjugated goat
anti-mouse or goat anti-rabbit secondary antibody (Pierce,
Rockford, IL, USA). Immunoblots were visualized by enhanced
chemiluminescence using a Fotodyne imaging system (Foto-
dyne, Inc., Hartland, WI, USA).

In Vitro Wound Healing Assays

In vitro wound healing was measured as previously de-
scribed.!> The area was photographed at each time point
using an Olympus IX70 microscope with a X2 objective.
Images were captured using QCapture Pro 6.0 software
(QImaging, Surrey, British Columbia, Canada). The uncovered
area at each time point was quantified using Image]J software
(http://imagej.nih.gov/ij/; provided in the public domain by
the National Institutes of Health, Bethesda, MD, USA). Scratch
Assay and Boyden Chamber Assays (Corning Life Sciences,
Tweksbury, MA, USA) were performed and quantified as
previously described.!>

Immunoprecipitation of Ubiquitylated EGFRs

Epidermal growth factor receptor ubiquitylation was moni-
tored using a modification of a protocol by Visser Smit et al.?®
Corneal epithelial cells (primary, hTCEpi, or hTCEpi [-c-Cbl])
were serum starved for 2 hours, treated with 100 ng/mL EGF in
K-SFM for 10 minutes, and harvested in a chilled EGFR-UB lysis
buffer (0.5% Triton x-100/50 mM Tris pH 7.5/150 mM NaCl/1
mM EDTA/1 mM sodium orthovanadate/10 mM sodium
fluoride) supplemented with 2 mM phenylmethyl sulfonyl
fluoride (PMSF) (Calbiochem, Billerica, MA, USA)/16 pM G5
Ubiquitin isopeptidase inhibitor I (Santa Cruz Biotechnology).
Cell lysates were prepared and immunoprecipitated with 1 pg
EGFR antibody, Ab-1, incubated at 4°C overnight followed by
another 2-hour incubation at 4°C with protein A/G + Agarose
(Santa Cruz Biotechnology). Immunoprecipitates were washed
thrice in chilled EGFR-UB lysis buffer. Proteins were eluted
with 6X SDS sample buffer and separated by electrophoresis on
a 7.5% SDS-PAGE and immunoblotted for EGFR, Ub, pY99, or c-
Cbl as indicated. Immunoblots were quantified using ImageJ
software, taking care to make sure the exposures were in the
linear range.

Radioligand Secretion

Cells were incubated for 7 minutes with 1 ng/mL '2°I-EGF
(Perkin Elmer, Waltham, MA, USA) at 37°C in binding buffer
(DMEM/20 mM HEPES/0.1% bovine serum albumin [BSA], pH
7.3). Cells were washed twice with PBS and twice with binding
buffer to remove unbound radioligand. Cells were incubated
with prewarmed, 37°C binding buffer and returned to 37°C. At
each time point, the media was collected (extracellular
fraction) and the remaining cells were solubilized in 1% NP-
40/20 mM Tris pH 7.4 (intracellular fraction). The amount of
intact '2’I-EGF was determined by precipitation with 10%
trichloroacetic acid for 60 minutes at 4°C. Intact and soluble
fractions were separated by centrifugation; associated radioac-



Investigative Ophthalmology & Visual Science

c-Cbl in the Corneal Epithelium

IOVS | August 2014 | Vol. 55 | No. 8 | 4693

A.IP: EGFR HCEC hTCEpi B. Quantification
EGF = = 20- Ub
x . "
L}
200 i 1.51
IB: Ub B
>
; 05
3
- + - +
]
200— HCEC hTCEpi
IB: pY99 20 w DI
154

IB: EGFR

Ratio of pY99/Total EGFR
_I:) =
(IJ| o

me
Mo
s

1

—

+ - +

hTCEp

HCEC

FiGure 1.

Epidermal growth factor-dependent ubiquitylation of the EGFR in primary and immortalized corneal epithelial cells. (A) Primary human

corneal epithelial cells and immortalized corneal epithelial cells (WTCEpi) were treated without (—) or with () 100 ng/mL EGF for 10 minutes. Cell
lysates were prepared and immunoprecipitated for the EGFR. The resulting immunoprecipitate was solved by 7.5% SDS-PAGE, and immunoblotted
for ubiquitin (Ub), phosphotyrosine (pY99), or the EGFR; 200-kDa molecular weight standard is indicated on the left of the immunoblot. Shown in a
representative experiment that was repeated three times. (B) Densitometric analysis of multiple experiments as performed in (A). Data are plotted
as the ratio of ubiquitylated EGFR to total EGFR (fop) and of phosphorylated EGFR to total EGFR (bottom) (average *= SEM; n = 3). Data were

analyzed with a paired Student’s #test. *P < 0.05; **P < 0.01.

tivity was determined using a Beckman Gamma Counter
(Beckman Coulter, Inc., Brea, CA, USA). In Figure 3A, data
are plotted as the percentage intact secreted radioligand
(extracellular intact protein/[extracellular intact and extracel-
lular degraded]). In Supplemental Figure S1, data are plotted as
the amount of intracellular radioactivity/total cell associated
radioactivity (extracellular + intracellular).

FACS Analysis

DsRed-positive cells after 48 hours of induction with doxycy-
cline (2 pg/mL) were enriched by an Influx Cell Sorter (BD
Biosciences, Franklin Lakes, NJ, USA) at the University of
Oklahoma Health Sciences Center Flow Cytometry and
Imaging Facility. Cells were maintained with or without
doxycycline for an additional 48 hours.

Cell Treatment With PP1

The Src inhibitor PP1 (4-amino-5-[4-methylphenyl]-7-[t-butyl]-
pyrazolo-d-3,4-pyrimidine) (EMD Millipore, Billerica, MA, USA)
was solubilized in DMSO at a concentration of 50 mM. For
tissue culture experiments, cells were incubated for 2 hours at
37°C with the indicated concentrations of PP1 (0.025 % DMSO
was used as a control) in serum-free media.

ELISA for EGFR Phosphorylation Assay

High-binding ELISA plates (R&D Systems, Minneapolis, MN,
USA) were coated with 100 pL 8 pg/mL EGFR antibody (EMD
Millipore, Winooski, VT, USA) and incubated overnight at 4°C.
The antibody coating was washed thrice with 1 X PBS-
0.05%TWEEN and plates were incubated for 2 hours at room
temperature with 300 pL 5% BSA/PBS blocking buffer. Lysates
were treated with 10 ng/mL and EGF harvested in radioimmu-
noprecipitation assay buffer supplemented with 2 mM PMSE

Known concentrations of lysate were added to the plate,
volumed to 100 pL with buffer, and incubated at 4°C overnight.
The plate was washed three times and 100 pL antiphosphotyr-
osine antibody 4G10 (EMD Millipore) (250 ng/mL) was added.
The plate was incubated 1 hour at room temperature, washed
three times, and 100 pL HRP-conjugated goat anti-mouse
(1:2500) added for 1 hour at room temperature. The plate was
washed in buffer (three times), developed with ABTS HRP
substrate (KPL, Gaithersburg, MD, USA), and stopped with 1%
SDS. Absorbance was measured using Biotek plate reader at
405 nm.

In Vivo Murine Corneal Epithelial Wounding

Adult female C57BL6/J mice (Jackson Laboratory, Bar Harbor,
ME, USA) between the ages of 8 and 10 weeks were
anesthetized with an intraperitoneal injection of ketamine
(50 mg/kg) and xylazine (5 mg/kg) (Butler Schein, Dublin, OH,
USA). The central epithelium was demarcated with a 1.5-mm-
diameter biopsy punch and removed with a 0.5-mm burr using
the AlgerbrushIl (Alger Company, Inc., Lago Vista, TX, USA)
taking care not to disrupt the basement membrane.?®
Wounded eyes were pretreated with eye drops containing
PBS with DMSO (0.0001%) or with PP1 (10 nM) for 15 minutes;
AG1478 (1 pg/mL) was part of the pretreatment solution
where indicated. Following pretreatment, new eye drops
composed of PBS with or without EGF (100 ng/mL) were
applied to the wound. At each time point (0, 16, 24, 40 hours)
the corneal wounds were visualized using sterile fluorescein
sodium ophthalmic strips USP (Fluorets; Chauvin Laboratory,
Aubenas, France) damped with sterile PBS. Wounds were
examined and photographed at X3 magnification with a
stereoscopic zoom microscope (SMZ1000; Nikon, Tokyo,
Japan) equipped with a digital sight DS-Fi2 camera (Nikon).
At each time point, eyes were subjected to the same treatment
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Ficure 2. Knockdown of c-Cbl reduces EGF-dependent ubiquitylation of the EGFR in corneal epithelial cells. Stable hTCEpi cells lines encoding for
tetracycline-regulatable c-Cbl-specific shRNA and DsRed (hTCEpi[-c-Cbl]) were generated as described in Materials and Methods. Human telomerase-
immortalized corneal epithelial cells were treated without (—Dox) or with (+Dox) 2 pg/mL of doxycycline in growth media for 72 hours. (A) Cell
images were collected using a Nikon Ti-E microscope under Brightfield and CY5 settings. Identical settings were used for both treated and untreated
cells. (B) Varying amounts cell lysates (20 pg, 10 pg, and 5 pg decreasing concentrations are represented by the thickness of the black triangle)
from hTCEpi (-c-Cb)) cells treated without (—Dox) or with (+Dox) 1 pg/mL of doxycycline for 72 hours were immunoblotted for either ¢-Cbl or o-
tubulin (o-Tub) as indicated. The 200-kDa and 45-kDa molecular weight standards are indicated on the /left of the immunoblots. (C) Human
telomerase-immortalized corneal epithelial cells were treated without (—) or with () doxycycline and/or 100 ng/mL EGF as indicated. Cell lysates
were prepared and immunoprecipitated for the EGFR. The immunoprecipitate was resolved for 7.5% SDS-PAGE and immunoblotted for Ub, pY99, or
the EGFR. A portion of the total cell lysate was resolved on a gel and immunoblotted for c-Cbl. Molecular weight standards are indicated on the left
of the blot. Shown is a representative experiment repeated at least three times. (D) Densitometric analysis of three immunoblots from the
experiment performed in (C). Data are plotted as the ratio of ubiquitylated EGFR to total EGFR (Z0p), phosphorylated EGFR to total EGFR (middle),
or ¢c-Cbl (average * SEM; n = 3). Data were analyzed with a paired Student’s #test. *P < 0.05; **P < 0.01.

as at time zero. The wound areas were measured using Image J
software. All treatment of animals was in accordance with the
ARVO statement for the use of animals in ophthalmic and
vision research and approved by the University of Louisville
Institutional Animal Care and Use Committee JACUC#12046).

RESULTS

To determine if the EGFR was ubiquitylated in response to EGF
in corneal epithelial cells, both primary (HCEC) and immortal-
ized (hTCEpi) cells were treated with and without EGE
solubilized, and the EGFR was immunoprecipitated (Fig. 1A).
Immunoprecipitates were immunoblotted with antibodies
against ubiquitin, phosphotyrosine, and total EGFR. Both
primary and immortalized cells exhibited an EGF-dependent
induction of EGFR ubiquitylation (Fig. 1B, top) and phosphor-
ylation (Fig. 1B, bottom).

To determine if c-Cbl was mediating EGFR ubiquitylation,
we generated stable cell lines with an inducible knockdown of
c-Cbl and DsRed expression; therefore, induction of the shRNA
can be monitored by DsRed expression. Clonal isolates of these
cells (termed hTCEpi[-c-Cbl]) were generated after G418
treatment. Doxycycline-inducible expression of the DsRed
can be seen in most of the cells after 72 hours (Fig. 2A).
Although there is only a 50% decrease in c-Cbl expression

(Figs. 2B, 2D, bottom), that knockdown was sufficient to
decrease EGF-dependent receptor ubiquitylation approximate-
ly 60% (Figs. 2C, 2D, top). Importantly, there was no effect on
ligand-stimulated EGFR phosphorylation (Figs. 2C, 2D, middle).

Knockdown of c-Cbl altered the endocytic trafficking of the
EGF-EGFR complex, by promoting recycling of the EGF-EGFR
complex. Using '**I-EGF to monitor trafficking of the complex,
we observed that there is an increase in the amount of intact
1251.EGF secreted from the cells when ¢-Cbl is knocked down
as compared with parental hTCEpi cells and hTCEpi (-C-CbD
cells without c-Cbl knockdown (Fig. 3A). This is consistent
with the notion that the ligand-receptor complex that has
bypassed lysosomal degradation and was recycled. Importantly,
knockdown of ¢-Cbl did not change the rate of '>>I-EGF-EGFR
internalization (Supplemental Fig. S1). Together, these data
indicate this level of c-Cbl knockdown and accompanying
decrease in receptor ubiquitylation were sufficient to alter the
endocytic trafficking of the EGF-EGFR complex.

Next, we wanted to know whether these changes in
trafficking were sufficient to affect EGF-dependent cell
migration. Using the parental and ¢-Cbl knockdown cells, we
monitored cell migration in vitro using three different assays:
an in vitro wound healing assay (Figs. 3B, 3C), a Scratch assay
(Figs. 3D-E Supplemental Fig. S2), and a Boyden chamber
migration assay (Supplemental Fig. S3). Cell migration into a 2-
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Ficure 3. The inducible knockdown of c-Cbl promotes EGF-EGFR recycling and enhances corneal epithelial cell migration. Parental hTCEpi (fop)
and hTCEpi (-c-CbD) (bottom) cells were incubated without and with 1 pg/mL doxycycline for 72 hours. (A) Recycling of the >>I-FEGF-EGFR complex
was monitored by measuring the amount of secreted intact radioligand. Data are plotted as the average *= SEM percentage of intact, extracellular
radioligand at each time point (z = 3). (B) Brightfield images of hTCEpi and hTCEpi (-c-CbD) in an in vitro healing assay taken at 16 hours after
treatment with or without EGF (1.6 nM) and doxycycline (1 pg/mL). (C) Cell migrations were analyzed as the difference from the plug’s removal (0
hour) compared with the growth after 16 hours of treatment. Data are plotted as the average = SEM percentage of area covered (wound healed) (z
=3). Analysis by a two-way ANOVA with Bonferroni post hoc test. ***P < 0.001, n > 3 with three to five replicate values. (D) Representative images
8 hours post wounding from a Scratch assay using confluent dishes of parental hTCEpi cells or hTCEpi(-Cbl) cells (bottom). Doxycycline and EGF
treatments are indicated. Quantification of Scratch assays at (E) 8 hours and (F) 16 hours after wounding. Data were analyzed with a two-way
ANOVA with Bonferroni post hoc test. *P < 0.05; ***P < 0.001, n > 3 with three to five replicate values.
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Ficure 4. The Src inhibitor PP1 enhances migration and attenuates ligand-dependent EGFR ubiquitylation. (A) Human telomerase-immortalized
corneal epithelial cells were pretreated without or with 12 uM (left) or 0.01 uM (right) as indicated. Cells were treated without (—) or with () 100
ng/mL EGF for 10 minutes. Cell lysates were prepared and immunoprecipitated with EGFR. The immunoprecipitation was divided into thirds,
resolved by 7.5% SDS-PAGE, transferred to nitrocellulose, and immunoblotted with antibodies against Ub, pY99, and total EGFR. Shown are
representative experiments repeated at least three times. (B) Quantification of EGFR after treatment with 0.01 uM PP1. Data are plotted as the ratio
of ubiquitylated EGFR to total EGFR (Ub/EGFR) and phosphorylated EGFR to total EGFR (pY99/EGFR) (average = SEM; n = 3). Data were analyzed
with a paired Student’s #test. *P < 0.05. (C) Brightfield images of hTCEpi cells in vitro healing assay taken at 16 hours with and without EGF (10 ng/
mL) after pretreatment of PP1 at various concentrations. (D) Cell migrations were analyzed as the difference in area from the plug removal (outer
line) compared with 16 hours of EGF treatment (¢nner line). Data are plotted as the average = SEM of area covered (wound healed). Analysis by a
paired Student’s #-test. **P < 0.05; *P < 0.1, n > 3 with three to five replicate values. (E) The kinetics of EGFR phosphorylation were monitored with
an ELISA assay. Plotted are the levels of phosphotyrosine activity associated with the isolated EGFR (average = SEM, n = 4).

mm “wound” was measured as the percentage of the initial
acellular area that was covered with cells after 16 hours (Fig.
3C). In control cells, EGF-stimulated cell migration increased
from approximately 38% in control cells to 64% in the cells
with attenuated c-Cbl expression. Reduced c-Cbl also results in
an increase of basal rate of cell migration. This is likely due to
the level of constitutive EGFR activity stimulated by release of
endogenous EGFR ligands (i.e., HB-EGF), as previously
reported.>*3! Similar results were observed when migration
was tested with a Scratch assay. The increase in cell migration

in hTCEpi (-c-Cbl) cells was so much faster than the parental
cells, data were collected at both 8 and 16 hours after
wounding (Figs. 3D-E Supplemental Fig. S2). At 8 hours after
wounding, the loss of ¢c-Cbl resulted in more ligand-dependent
and independent cell migration than control cells (Fig. 3E); 16
hours after wounding, all control cells exhibited ligand-
dependent cell migration, but the differences compared with
the c-Cbl knockdown cells were less pronounced, presumably
due to closing of the wound. Knockdown of c-Cbl also
enhanced cell migration when directly measured using a
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A. In Vivo Wound Healing
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Ficure 5. The PP1 attenuates EGF-mediated EGFR ubiquitylation and enhances EGFR corneal epithelial wound healing in vitro. A 1.5-mm-diameter
wound was generated on the corneal epithelium of a mouse as described in Materials and Methods. Eyes were treated with various combinations of
PBS, PP1 (0.01 uM), and EGF (100 ng/mL), as indicated on the figure. Shown are representative photographs from experiments repeated four to five
times per condition. (B) Percentage of initial wound that has healed at each time point. Data are plotted as the average = SEM, n = 4-5 eyes/
condition. (C-E) Data from (B) replotted to more clearly show the (C) 16-hour, (D) 24-hour, and (E) 40-hour time points. **P < 0.05; *P < 0.1. Data
were analyzed using a two-way ANOVA with a Bonferroni post hoc. Data from AG1478 mice were compared with mice with the same treatment in

the absence of AG1478.

Boyden chamber assay (Corning Life Sciences; Supplemental
Fig. S3), although in this assay the addition of doxycycline
inhibited cell migration.

Together, these studies provide in vitro evidence for c-Cbl
negatively regulating EGFR-mediated corneal epithelial cell
migration. However, RNAi is not a practical approach for in
vivo studies, primarily because the kinetics of protein
knockdown (typically 48-72 hours) would not offer a
significant advantage to the physiological rate of tissue
restoration.

The initial plan was to use a pharmacological agent that
would directly antagonize c-Cbl activity. In the absence of such
a commercial compound, we decided to indirectly inhibit c-
Cbl, by using an Src inhibitor. The PP1 is a cell-permeable Src
family kinase inhibitor.>? Previous work by Kassenbrock et al.3?
demonstrated that at 50 pM, there is a complete inhibition of
ligand-mediated EGFR ubiquitylation in MCF12A cells. We

observed a similar inhibition of EGFR ubiquitylation in hTCEpi
cells with 12 pM PP1 (Fig. 4A, left). However, subsequent
experiments reveal this concentration inhibited all cell
migration (data not shown). At much lower concentrations
of PP1 (0.01 pM), we were still able to achieve approximately
60% inhibition of EGFR ubiquitylation (Figs. 4A, right, 4B),
with no apparent changes to cell morphology. In the presence
of 0.01 uM PP1, there was sustained EGF-dependent, EGFR
phosphorylation for 2 hours (Fig. 4E). Based on the average
area under of the curve (AUC), this is an approximately 20%
increase in total EGFR phosphorylation (AUC = 111.0 = 8.4
without PP1 versus AUC = 133.0 *= 4.2 with PP1). To
determine if lower concentrations of PP1 could potentiate in
vitro wound healing, we administered PP1 for 30 minutes
before EGF treatment and monitored wound healing while
both PP1 and EGF were present (Figs. 4C, 4D). Low doses of
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PP1 were sufficient to enhance EGF-mediated corneal epithe-
lial wound healing in vitro.

Finally, we wanted to determine if inhibition of PP1 would
increase corneal epithelial wound healing in vivo (Fig. 5). A
priori, we predicted that PP1 alone would enhance wound
healing due to the high basal levels of EGF found in tears.!?
Wounded eyes were treated with and without PP1 and in the
absence and presence of EGF (Fig. 5). The PP1 promoted
corneal epithelial wound healing in the absence of EGE but did
not accelerate wound healing in the presence of EGE
Importantly, when the EGFR inhibitor AG1478 was added,
there was no increase in in vivo corneal epithelial wound
healing. These data indicate that PP1 is mediating its effect via
the EGFR.

DIscuUssION

Increased EGFR activity directly correlates with an increased
rate of corneal epithelial wound healing. This study has
focused on identifying mechanisms to increase the duration of
EGFR activity rather than the magnitude. We have explored a
mechanism to divert the EGF-EGFR complex from lysosomal
degradation and sustain its signaling to ultimately enhance the
cellular events associated with corneal epithelial wound
healing. We find that attenuating c-Cbl activity, either through
RNAi or pharmacological inhibitors, causes a decrease in
receptor ubiquitylation, altered trafficking of the ligand-
receptor complex, and an increase in EGFR phosphorylation.
Ultimately, these biochemical changes culminate in enhanced
corneal epithelial wound healing as measured by in vitro and in
vivo assays. The increased in vivo wound healing is indepen-
dent of exogenous ligand, likely due to the high levels of basal
EGF found in tears.!? This interpretation is supported by the
fact that the EGFR inhibitor, AG1478, inhibits the PP1-mediated
increase in in vivo corneal epithelial wound healing.

The contribution of the endocytic pathway in EGFR-
mediated corneal epithelial cell migration has been established
previously. Transforming growth factor-o (TGF-o) is an
endogenous EGFR ligand that more efficaciously promotes
corneal epithelial cell migration as compared with EGE!> In
addition, due to the increased sensitivity of TGF-o to pH, the
ligand more readily dissociates from the receptor in the more
acidic early endosome.?* The unbound receptor can recycle
back to the plasma membrane, rather than target to the
lysosome for degradation. Interestingly, TGF-0-EGFR complex-
es also are ubiquitylated less than EGF-EGFR complexes.?> Our
studies demonstrate that a pharmacological agent can inhibit
EGFR ubiquitylation to cause sustained EGFR activity. This is
particularly useful given that the addition of exogenous EGFR
ligands do not increase EGFR-mediated wound healing in
vivo,!? indicating the use of TGF-o. may not be an effective
strategy.

These experiments required balancing the PPl-mediated
inhibition of Src to prevent EGFR ubiquitylation and inhibition
of the other nonreceptor tyrosine kinases (i.e., Lck, Fyn, Hck)
that are required for cell viability and migration. These “off-
target” effects of PP1 likely limit its pharmacologic effect.
Although PP1 has been previously reported to inhibit EGFR
ubiquitylation, that report was largely focused on receptor
biochemistry and the resulting cell biology was not explored.>?
Others have examined the effect of PP1 and its analog (PP2) on
corneal epithelial homeostasis. Gao et al.>° have shown that
the addition of PP1 blocks corneal epithelial cells (A6[1] cells)
in scratch-wound assay. However, these experiments were
performed using 10 uM PP1, which is 225-fold over the half
maximal inhibitory concentration (ICsg) to inhibit Src (IC5¢ =
44 nM). Other studies, by Xu et al.,3” used PP2 (at 12.5 puM),
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and demonstrated that at primary corneal epithelial cells had
reduced cell migration in the presence of PP2. It is important
to note that our studies deliberately use submaximal concen-
trations of PP1 that are below the ICs, for inhibiting Src (170
nM) to minimize off-target effects. By design, we achieve only a
partial decrease in Src activity and subsequently EGFR
ubiquitylation. The PP1-mediated reduction in EGFR ubiquity-
lation is similar to what we observed in our hTCEpi(c-CbD
knockdown cells and was able to increase the extent of EGFR-
mediated cell migration.

It is striking that the modest decreases in ligand-mediated
EGFR ubiquitylation have such profound effects on corneal
epithelial cell biology in vitro and in vivo. Biologically, this may
mean receptor ubiquitylation is such an important regulator of
EGFR signaling, and even weak inhibition evokes biological
changes. Another possibility is that the biochemical assays
(Figs. 1, 2, 4) use supraphysiological levels of EGF that show
only minor decreases in receptor ubiquitylation. However,
under physiological ligand concentrations, the difference is
more profound. Alternatively, the explanation may be a
combination of the two reasons.

Although this study provides evidence that manipulation of
c-Cbl is a bona fide therapeutic strategy, it also highlights the
potential of more targeted inhibitors of EGFR-c-Cbl interac-
tions. First, PP1 inhibits multiple nonreceptor tyrosine kinases.
More-specific agents would minimize the deleterious effects of
inhibiting nonreceptor tyrosine kinases on cell viability. In
addition, in the absence of off-target effects, it is likely a c-Cbl
activity could be inhibited to a greater extent and perhaps
further accelerate the rate of wound healing. Finally, if an
inhibitor targeted only EGFR-c-Cbl interactions, the other
receptor tyrosine kinases that c-Cbl ubiquitylates (i.e., hepato-
cyte growth factor, platelet-derived growth factor, nerve
growth factor receptors)*®%° would not have perturbed
activity. Of course, inhibiting the ubiquitylation (and subse-
quent degradation) of other receptors is another strategy for
improving corneal epithelial wound healing. However, our
AG1478 experiments indicate that in hTCEpi cells, the major
role of c-Cbl is through the EGFR. Although our focus has been
on the inhibition of c-Cbl, one can not overlook the strategy of
attenuating receptor ubiquitylation by enhancing the target
activation of the deubiquitinating enzymes as an alternative
strategy to promote receptor recycling. !
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