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Knockout of c-Cbl slows EGFR endocytic trafficking and
enhances EGFR signaling despite incompletely blocking
receptor ubiquitylation
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Factor (EGF) does not reliably restore the corneal epithelium when wounded. This
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downregulation is an alternative mechanism to enhance EGFR signaling and promote
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Number: EY028911 associated with the targeted degradation of the receptor. In this manuscript, we de-

termine whether knockout of c-Cbl, an E3 ubiquitin ligase that ubiquitylates the EGFR,
is sufficient to prolong EGFR phosphorylation and sustain signaling. Using CRISPR/
Cas9 gene editing, we generated immortalized human corneal epithelial (NTCEpi) cells
lacking c-Cbl. Knockout (KO) cells expressed the other E3 ligases at the same levels
as the control cells, indicating other E3 ligases were not up-regulated. As compared
to the control cells, EGF-stimulated EGFR ubiquitylation was reduced in KO cells, but
not completely abolished. Similarly, EGF:EGFR trafficking was slowed, with a 35% de-
crease in the rate of endocytosis and a twofold increase in the receptor half-life. This
resulted in a twofold increase in the magnitude of EGFR phosphorylation, with no
change in duration. Conversely, Mitogen Activating Protein Kinase (MAPK) phospho-
rylation did not increase in magnitude but was sustained for 2-3 h as compared to
control cells. We propose antagonizing c-Cbl will partially alter receptor ubiquitylation

and endocytic trafficking but this is sufficient to enhance downstream signaling.

Significance Statement
Ligand-mediated ubiquitylation is a key component of EGFR downregulation; prevent-
ing EGFR ubiquitylation is a novel strategy for restoring homeostasis to the corneal

epithelium. Knockout of c-Cbl in human corneal epithelial cells decreases but does not
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1 | INTRODUCTION

The Epidermal Growth Factor Receptor (EGFR) is a nearly ubiqui-
tously expressed receptor tyrosine kinase that has biological roles
in zygote implantation, tissue development, and tissue homeostasis.
Overexpression and hyperactivation of the EGFR is a characteristic
of many cancers and is associated with poor prognosis.1

One tissue the EGFR regulates is the corneal epithelium. The
cornea is the anterior portion of the eye and is the first anatomical
barrier to the environment. There are three cell layers of the cornea—
the epithelium, stroma, and endothelium—that are separated by the
Bowman's and Descemet's layers, respectively.2 The outermost epi-
thelial layer is highly innervated, and perturbation of this layer is very
painful. A fully differentiated corneal epithelium is critical to properly
refract light onto the retina and to keep foreign substances (i.e., bacte-
ria, viruses, small particles) out of the immune-privileged eye.

EGFR signaling is both necessary and sufficient for homeostasis
and regeneration of the corneal epithelium. Patients taking cetux-
imab, an EGFR inhibitor that prevents cancer progression, have in-
creased incidents of corneal erosions.>™ In the laboratory, adding
EGF to corneal wounds in rodent and rabbit models accelerates their
healing.6 However, in the clinics, the addition of exogenous EGF does
not reliably accelerate corneal epithelial wound healing. In one study,
patients with corneal abrasions and epithelial lesions saw improved
healing with EGF treatment,” as did corneal erosions associated

t®7 and traumatic corneal ulcers.!® In con-

with cetuximab treatmen
trast, topical EGF does not help patients with herpes simplex den-
dritic ulcers, bullous keratopathies, stromal keratitis, or penetrating
keratoplasty.7’11’12

One reason that corneal epithelial perturbations might be refrac-
tory to exogenous EGF is the high levels of EGF in tears. Tear fluid
from healthy volunteers with no apparent ocular pathology have
EGF levels of ~2 ng/ml (0.32 nM).231¢ This concentration is close to
the Kd of EGF for the EGFR. Thus, under basal conditions, there is
substantial receptor occupancy and additional EGF will not appre-
ciably increase EGFR signaling. Further, constant stimulation of the
EGFR with exogenous EGF will lead to the lysosomal degradation of
the ligand:receptor complex and attenuated signaling.?”

In this study, we explored alternative approaches to enhance
EGFR signaling. Specifically, we sought to inhibit the ligand-mediated
ubiquitylation of the EGFR, a post-translational modification that

targets the receptor for lysosomal degradation. We hypothesized

completely abrogate ligand-mediated receptor ubiquitylation, but the reduced EGFR
ubiquitylation is sufficient to slow EGFR degradation and sustain receptor phospho-
rylation and downstream signaling. Antagonizing c-Cbl may be a novel pharmacologi-

cal strategy for the restoration of damaged corneal epithelium.

c-Cbl, corneal epithelium, EGFR, membrane trafficking, ubiquitylation

that the inhibition of receptor ubiquitylation would be sufficient to
slow receptor degradation and sustain signaling.

Ubiquitylation is a multienzyme process activated by a high-
energy thioester linkage between the ubiquitin and an E1 (ubiquitin-
activating enzyme) protein.18 The ubiquitin is transferred to a
Ubiquitin-conjugating (UBC) enzyme, E2, forming a second thio-
ester linkage. The RING finger of an E3 protein binds with the target
substrate and a ubiquitin-charged E2 and facilitates the transfer of
ubiquitin from the E2 to the substrate. Ultimately, this results in the
covalent attachment of ubiquitin to the substrate.? The ubiquityl-
ated EGFR is targeted for lysosomal degradation.m’21 However, it

is not clear if ubiquitylation regulates receptor endocytosis,”‘23 ly-

sosomal degradation,?*2° or both facets of membrane trafficking.

All members of the Cbl family (c-Cbl, Cbl-b, and Cbl-3) have been
reported to be E3 ligases for the EGFR,'72%?7 as well as NEDD4.28:2?
However, most studies have used cancer cells?” or cell lines with ex-
ogenously expressed EGFRs.?*% There is little information regard-
ing which E3 ligase mediates ubiquitylation and how ubiquitylation
regulates endogenous EGFR function in the corneal epithelium. This
foundational information is critical in the design of pharmacological
agents to promote corneal epithelial homeostasis.

We used CRISPR/CAS9 technology to make clonal isolates of c-
Cbl knockout immortalized human corneal epithelial (NTCEpi) cells.®!
The absence of c-Cbl did not affect the expression of other E3 ubiqg-
uitin ligases. The loss of ¢c-Cbl did not completely prevent ligand-
mediated EGFR ubiquitylation, but it did reduce both the rate of
ligand:receptor endocytosis and intracellular endocytic trafficking.
Functionally, c-Cbl knockout cells had increased EGFR and MAPK
signaling. Together these data indicate that in corneal epithelial cells,
c-Cbl is a primary mediator of EGFR ubiquitylation. The loss of c-Cbl
and EGFR ubiquitylation ultimately promotes EGFR activity.

2 | MATERIALS AND METHODS

21 | Cells

hTCEpi cells were obtained from Evercyte. Human corneal epithe-
lial cells were immortalized by the stable transfection of human tel-
omerase reverse transcriptase.31 Cells were grown in Keratinocyte
Basal Medium (KBM) with growth supplement (Lonza,) at 37°C and
were maintained at 5% CO,,.
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2.2 | CRISPR/CAS9

Cells were transduced with a lentivirus encoding CAS9 and blasticidin
resistance gene. Blasticidin resistant colonies were isolated and trans-
fected with annealed tracrRNA (mMA*mG*CAUAGCAAGUUAAAAUA
AGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGG
UGCU*mU*mU) and c-Cbl guideRNA (crRNA Sequence: mC*mA*UC
UUUACCCGACUCUUUCGUUUUAGAGCUAUG*MC*mU and crRNA
mC*'mU*AUUCUUUAGCGCCAGCUUGUUUUAGAGCU
AUG*mC*mU). Cells were plated at low density and individual colo-

Sequence:

nies were isolated, amplified, and screened by immunoblot. In total, 27
colonies were screened with three positive clones. Experiments were

performed on multiple clones with indistinguishable results.

2.3 | Antibodies

Antibodies were obtained from the following sources: EGFR (A-
10, Santa Cruz Biotechnology), EGFR (Ab-1, EMD Millipore), EEA1
(#C45B10, Cell Signaling); pY1068 (#3777, Cell Signaling), Ubiquitin
(SC-8017, Santa Cruz Biotechnology), a-tubulin (Sigma-Aldrich), c-Cbl
(#2747, Cell Signaling); Cbl-B (#9498, Cell Signaling), NEDD4 (#2740,
Cell Signaling), Cbl-3 (#A305-043A-M, Thermo Fisher Scientific).

2.4 | Cell treatment

Before experimentation, cells were serum starved by washing twice
with PBS pH 7.4 and incubating in serum-free media for 2 h. Cells
were treated with the indicated concentrations of EGF for the indi-

cated periods of time.

2.5 | Celllysate preparation and immunoblotting

EGF-treated hTCEpi cells were washed twice with room tem-
perature PBS pH 7.4, followed by the addition of PBS pH 7.4, and
equilibration to 4°C on ice. The PBS was removed and cells were
harvested in lysis buffer (150 mM NaCl, 1% Nonidet P-40, 0.5%
deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0, 10 mM sodium py-
rophosphate, 100 mM sodium fluoride) supplemented with 2 mM
phenylmethylsulfonyl fluoride (PMSF), solubilized with end over
end rotation for 10 min at 4°C. Insoluble material was removed by
centrifugation for 10 min at 4°C and maximum speed (21,130 rcf)
in an Eppendorf 5424R. Equivalent amounts of cell lysate (indicated
in the figure legends) were resolved by SDS-PAGE and transferred
to nitrocellulose. Membranes were immunoblotted with the indi-
cated primary antibodies according to the manufacturer's recom-
mendation. Following incubation with the appropriate horseradish
peroxidase-conjugated secondary antibody, immunoreactive pro-
teins were visualized using enhanced chemiluminescence and a

Fotodyne Imaging system.
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2.6 | EGFR ubiquitylation

Epidermal growth factor receptor ubiquitylation was monitored
using a modification of a protocol by Visser Smit et al.®2 Serum-
starved cells were treated with 50 ng/ml of EGF in Keratinocyte
Serum-Free Media (K-SFM) with no additions for O, 2, or 10 min, and
harvested in 4°C EGFR-UB lysis buffer (0.5% Triton x-100/50 mM
Tris pH 7.5/150 mM NaCl/1 mM EDTA/1 mM sodium orthovana-
date/10 mM sodium fluoride) supplemented with 2 mM PMSF
(Calbiochem)/16 uM G5 Ubiquitin isopeptidase inhibitor | (Santa
Cruz Biotechnology). Cell lysates were prepared and immunopre-
cipitated with 1 pg EGFR antibody (mouse monoclonal, clone 528),
(Ab-1, EMD Millipore), incubated at 4°C overnight followed by an-
other 2 h 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 6XSDS sample
buffer and separated by 7.5% SDS-PAGE and immunoblotted for
EGFR, Ub, or pY1068 EGFR as indicated. Immunoblots were quanti-
fied using NIH ImageJ software, taking care to make sure the expo-

sures were in the linear range.

2.7 | Texas Red-EGF labeling of cells

Cells were incubated with 2 pg/ml of Texas Red-EGF (Invitrogen) for
10 min at 37°C and washed twice with cold modified PBS (PBS pH7.4,
0.5 mM MgCl,, 0.5 mM CaCl,, 5 mM glucose, 0.2%BSA), three times
with cold citrate buffer pH 4.6 (25.5 mM citric acid, 24.5 mM sodium
citrate, 280 mM sucrose), and re-equilibrated with two PBS washes.
Cells were returned to 37°C serum-free media. At the appropriate
time point, cells were fixed in 4% paraformaldehyde and processed

for indirect immunofluorescence as described below.

2.8 | Immunofluorescence

Treated cells were fixed in 4% p-formaldehyde/PBS** (PBS/ 0.5 mM
MgCl,/0.5 mM CacCl,) solution at room temperature for 5 min and
on ice for 15 min. Excess formaldehyde was removed with three 5-
min washes in PBS**. Cells were then permeabilized for 20 min in
0.1% saponin/5% FBS/PBS** and washed three times with PBS**
(5 min each). After washing, cells were incubated for 1 h at room
temperature with the EGFR mouse monoclonal antibody (clone 528),
Ab-1 (Millipore Sigma). Unbound primary antibody was removed
with 3 x 5 min washes in PBS™ and cells were incubated for 1 h
with an Alexa488 conjugated goat anti-mouse secondary antibody
(Molecular Probes). After six 10 min washes with PBS**, coverslips
were rinsed in Millipore water and mounted on a slide with Prolong
Antifade with DAPI (Thermo Fisher Scientific). Images were col-
lected Nikon Eclipse Ti-E microscope using Nikon NIS Elements
software. The images were then exported to Adobe Photoshop for

the preparation of figures.
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2.9 | 251-EGF internalization/degradation

Radioligandtraffickingwas performedasdescribed by Vanlandingham
and Ceresa.®® For internalization assays, 35 mm dishes of hTCEpi
cells were incubated with 1 ng/ml of Z°|-EGF (catalog number
NEX160; PerkinElmer Life Sciences; specific activity 150-200 pCi/
ug) for 2 h on ice to achieve steady-state binding. Following the re-
moval of unbound radioligand with four washes of ice-cold binding
buffer, cells were incubated with 37°C binding buffer and incubated
at 37°C. At the indicated times, cells were removed from the incu-
bator. Media was collected. Cell surface **°I-EGF was collected by
pooling two 8-min washes of the cells with 0.5 M acetic acid/0.5 M
NaCl. Internalized 2°I-EGF was collected by solubilizing the remain-
ing cells with 0.1 M NaOH/0.1% SDS. Each fraction was counted in a
Wizard gamma counter (PerkinElmer). Rate constants for internaliza-
tion were calculated as described by Jiang et al.3

For intracellular trafficking assays, 35 mm dishes of hTCEpi cells
were incubated with 1 ng/ml of 12°I-EGF for 7 min at 37°C to in-
ternalize the radioligand. Cells were removed from the incubator,
put on ice, and washed four times with ice-cold binding buffer. Cells
were returned to 37°C. At the indicated times, cells were removed,
and the media was collected to measure secreted radioligand.®® The
remaining cells were collected in 1% Nonidet P-40, 20 mM Tris, pH
7.4, and precipitated on ice for 1 h using 10% trichloroacetic acid
(TCA) and 0.1% bovine serum albumin (BSA) as a carrier. Intact (pel-
let) and degraded (supernatant) fractions were separated by 15 min
of centrifugation at 4°C. Each fraction was counted in a Wizard

gamma counter (PerkinElmer). The secreted fraction was calculated

A . B
hTCEpi hTCEpi
CAS9 _c-Chbl KO IP: EGFR
IB:c-Cbl
IB:Cbl-b IB: Ub
IB:Cbl-3
IB: pY1068
IB:NEDD4
IB:a~tubulin IB: EGFR

EGF: 0 2 100 0 2

as the radioactivity in the media/total radioactivity. The percent of
intact radioligand was calculated as the amount of intact radioactiv-

ity/total intracellular radioactivity.

3 | RESULTS

3.1 | Knockdown of c-Cbl in corneal epithelial cells
does not block EGFR ubiquitylation

The E3 ligase c-Chl was knocked out of human telomerase reverse
transcriptase immortalized human corneal epithelial (hTCEpi) cells.>!
Cells were first transduced with a retrovirus encoding CAS9 and the
blasticidin resistance gene; blasticidin resistant cells were transfected
with gRNA targeting human c-Cbl. Individual clones were isolated, am-
plified, and screened for the loss of c-Cbl expression. Three of the 27
clones amplified were negative for c-Cbl expression as determined by
immunoblot. In contrast, there is no change in Cbl-b, Cbl-3, or NEDD4
expression as compared to the CAS9 expressing cells (Figure 1A).

To determine if the knockout of c-Cbl was sufficient to block
ligand-mediated EGFR ubiquitylation, parental and knockout cells
were treated with 50 ng/ml of EGF for varying amounts of time (0-
10 min). Cell lysates were prepared and immunoprecipitated for the
EGFR. The resulting immunoprecipitates were divided into thirds, and
immunoblotted for Ubiquitin (Ub), phosphorylated EGFR (pY1068),
and total EGFR (Figure 1B) to assess receptor ubiquitylation, stimula-
tion, and as aimmunoprecipitation control, respectively. Knockout of

c-Cbl reduced the amount of ligand-dependent EGFR ubiquitylation,

c-Cbl KO
10"

cas9

U1 L

L I L

- am-

FIGURE 1 C-Cblknockout in hTCEpi cells reduces ligand-mediated EGFR ubiquitylation. c-Cbl was knocked out of hTCEpi cells using
CRISPR/CAS9 technology (see Materials and Methods). (A) Cell lysates were prepared from hTCEpi cells expressing either only CAS9,
or CAS9 and a human c-Cbl specific gRNA. Equivalent amounts of cell lysate (20 pg) were resolved by 7.5% SDS-PAGE, transferred

to nitrocellulose, and immunoblotted for c-Cbl, Cbl-b, Cbl-3, Nedd4, or a-tubulin. Shown is a representative blot from at least three
experiments. Indistinguishable results were observed with other clones. (B) CAS9 or c-Cbl knockout cells were serum-starved and then
treated with 50 ng/ml of EGF for 0, 2, 10 min. Cell lysates were prepared, and the EGFR was immunoprecipitated (Ab-1, EMD Millipore).
Immunoprecipitates were divided into thirds, resolved by 7.5% SDS-PAGE, and immunoblotted using antibodies against ubiquitin (Ub),
phosphorylated EGFR (pY1068), and EGFR. Shown is a representative experiment repeated at least three times with multiple clones
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but did not completely eliminate it. Over the course of 10 min of
EGF treatment, the levels of total and phosphorylated EGFR in c-Cbl

knockout cells were indistinguishable from the control cells.

3.2 | Loss of c-Cbl does not block EGFR trafficking
but alters the rate and route

To assess how the reduction in EGFR ubiquitylation affected the
trafficking of the EGF:EGFR complex, we monitored the localization
of fluorescently labeled EGF (Texas Red-EGF) in cells with (CAS9
cells) and without c-Cbl (-c-Cbl) (Figure 2). Briefly, cells were incu-
bated with Texas Red-EGF that was allowed to internalize for 10 min
at 37°C. Free and cell surface-bound ligand was removed. The intra-
cellular Texas Red-EGF was allowed to traffic through the cell for
the indicated amounts of time (0-60 min) and stained by indirect
immunofluorescence for the early endosome auto-antigen 1 (EEA1),
a marker of the early endosome.®® In the absence of c-Cbl, Texas
Red-EGF was able to internalize and traffic within the cell with no
significant changes in the distribution of the fluorescent ligand.
These studies were complemented with indirect immuno-

fluorescence experiments that monitor ligand-stimulated EGFR

Cas9 hTCEpi cells
Tx Red-EGF

. -
o .

45 min

60 min.
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internalization (Figure 3). In the CAS9 cells, EGF treatment causes
the receptor to redistribute into the cytoplasm resulting in very
little plasma membrane EGFR staining at the 30 and 60 min time
points. Although the majority of EGFRs were able to internalize in c-
Cbl knockout cells, there is a more pronounced EGFR staining at the
plasma membrane 15-60 min after ligand treatment.

Next, we used 2°I-EGF to quantify ligand endocytosis, degradation,
and secretion (Figure 4). We found that the knockdown of c-Cbl is asso-
ciated with a 35% decrease in the rate of EGFR endocytosis (Figure 4A
and B). The amount of *?°| secreted was increased at 30-90 min in c-
Cbl KO cells (Figure 4C).% Interestingly, the c-Cbl knockout cells had
a rate of intracellular 12°|-EGF degradation that was indistinguishable

from the CAS9 cells at every time point except 2 h (Figure 4D).

3.3 | Theloss of c-Cbl enhances EGF-mediated
receptor signaling

To assess how these changes in membrane trafficking impacted
the signaling of the EGFR, we treated control and c-Cbl knock-
out cells with EGF for varying amounts of time (0-240 min) and

monitored the kinetics of EGFR degradation and phosphorylation/

¢-Cbl KO hTCEpi cells
Tx Red-EGF

EEA1

FIGURE 2 The EGF internalizes in the absence of c-Cbl. CAS9 expressing or c-Cbl knockout hTCEpi cells were plated on glass coverslips
and grown to ~80% confluence. Cells were serum-starved and then incubated with 2 ug/ml of Texas Red-EGF (Invitrogen) for 10 min at

37°C to allow the internalization of ligand:receptor complexes. Extracellular fluorescently labeled ligand was removed by ice-cold citric

acid washes. Cells were re-equilibrated in a neutral buffer and returned to 37°C growth media and 37°C. At the indicated time points, cells
were fixed and processed for indirect immunofluorescence using a mouse monoclonal antibody against EEA1 (#C45B10, Cell Signaling)

and an Alexa488 goat anti-mouse secondary antibody. Cells were mounted on microscope slides using Prolong with DAPI (Thermo Fisher
Scientific). The micrographs indicate the localization of Texas Red-EGF (Red), EEA1 (green), and the nucleus (blue). Size bar = 10 pm. Shown is

a representative experiment repeated at least three times
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EGFR (green)/DAPI (blue)
EGF: 0 min 15 min 30 min 60 min

FIGURE 3 EGFRdistribution is altered by the knockout of c-Cbl. CAS9 expressing or c-Cbl knockout hTCEpi cells were plated on glass
coverslips and grown to ~80% confluence. Cells were stimulated with 10 ng/ml of EGF for 0-60 min. At the indicated time point, cells
were fixed and processed for indirect immunofluorescence using a mouse monoclonal antibody against the EGFR (Ab-1, EMD Millipore)
and an Alexa488 goat anti-mouse secondary antibody. Coverslips were mounted on microscope slides using Prolong with DAPI (Thermo
Fisher Scientific). Micrographs indicate the subcellular localization of the EGFR (green) and nucleus (blue). Size bar = 10 pm. Shown is a
representative experiment repeated at least three times
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FIGURE 4 '?|-EGF:EGFR endocytic trafficking is slowed in c-Cbl knockout cells. CAS9 expressing or c-Cbl knockout hTCEpi cells were
plated in 35 mm dishes and grown to ~80% confluence. *2°I-EGF was used to monitor A-B) internalization, (C) recycling, and (D) degradation

as described in Materials and Methods (n = 3). (A) The average (+SD) ratio of internalized 1251_EGF/surface *°I-EGF. (B) The average (+SD)
calculated internalization constant (Ke) for each cell line. Data were analyzed using a paired t-test. (C) The average (+SD) percentage of total
bound 12°| that was secreted into the media. Data were analyzed using an ANOVA with a Holm-Sidak post-analysis (« = 5.000%). (D) The average
(+SD) percentage of intact 125.EGF. Data were analyzed using an ANOVA with a Holm-Sidak post-analysis (a = 5.000%). *p < 0.10; **p < 0.05
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FIGURE 5 Knockdown of c-Chl slows EGFR degradation and sustains ligand-mediated phosphorylation. Control (Cas-9) and c-Cbl
knockout hTCEpi cells were serum-starved and treated with 10 ng/ml of EGF for the indicated amounts of time. (A) Cell lysates were
prepared and equivalent amounts of protein (30 pg) were resolved by 7.5% SDS-PAGE. The resulting gel was transferred to nitrocellulose
and immunoblotted for EGFR, phosphoEGFR (pY1068), c-Cbl and a-tubulin. Shown are representative immunoblots from an experiment
that was performed three times using multiple c-Cbl knockout clones. (B and C) Immunoblots were quantified using NIH ImageJ. (B) The
average (+SD) percentage of EGFR relative to a-tubulin and normalized to unstimulated levels (t = 0). (C) The average (+SD) percentage of
phosphorylated EGFR (EGFR pY1068) relative to a-tubulin and normalized to the maximal phosphorylation (t = 15 min). Data were analyzed
by an ANOVA with a Sidak-Bonferroni post-test analysis (a = 5.000%). *p < 0.05; **p < 0.01)

dephosphorylation (Figure 5). The knockout of c-Chl extended
the half-life (t,)) nearly twofold as compared to control cells (CAS9
t,, =45 min vs. c-Cbl KO t,, = 87, calculated from O to 60 min of EGF
treatment) (Figure 5A and B). These changes in the rates of degrada-
tion were accompanied by a twofold increase in the magnitude of
receptor phosphorylation, but, no significant change in the duration
of receptor phosphorylation (Figure 5A and C).

Mitogen-activated protein kinase (MAPK) activity was used as
a surrogate for intracellular signaling by the EGFR (Figure 6). A time
course of EGF-stimulated MAPK phosphorylation revealed that the
loss of c-Cbl has no effect on the magnitude of MAPK phosphoryla-
tion but extends the duration of signaling 2-3 h (Figure 6B).

4 | DISCUSSION

This study demonstrates that c-Cbl is not the only mediator of
EGFR ubiquitylation in corneal epithelial cells. Even in the absence
of detectable c-Cbl, ligand stimulation causes receptor ubiquityla-
tion, albeit to a lesser extent than control cells (Figure 1B). These
findings are consistent with reports from breast cancer-derived

BT20 cells,?” as well as human duodenal carcinoma (HuTu-80)
cells®” and porcine arterial endothelial (PAE) cells®* expressing ex-
ogenous EGFRs.

Since there are no detectable increases in expression of the other
E3 ligases (Figure 1A), the residual ubiquitylation is not due to com-
pensation by other endogenous E3 ligases. It is unclear if other E3
ligases provide functional redundancy, confer site-specific ubiquityl-
ation, or regulate receptor ubiquitylation in a spatio-temporal specific
manner. The latter two possibilities are consistent with each E3 ligase
regulating specific components of receptor trafficking and signaling.

Our analysis of ligand and receptor trafficking combines single cell
(fluorescence-based assays) and biochemical (radioligand and immu-
noblot analysis) approaches. Through these multi-faceted approaches,
we observed that despite there being an incomplete loss of receptor
ubiquitylation, those changes were sufficient to alter, but not com-
pletely block, endocytic trafficking of the ligand:receptor complex.

Using the Texas Red-EGF (Figure 2), we observe that the li-
gand:receptor complex can be internalized and its movement
through the cell is indistinguishable from control cells. In this assay,
the only ligand that was internalized is detected, as cell surface li-
gand is washed away using a citric acid wash. Once inside the cell,



8 Of 10 BRITISH
PHARMACOLOGICAL
SOCIETY

CROTCHETT anp CERESA

A
CAS9

c-Cbl KO

EGF (10ng/ml): 0 15

30 60 120 240 O 16 30 60 120 240

IB:pMAPK

-

IB: MAPK

-

o

o
1

Relative pMAPK Activity
(PMAPK/total MAPK)

0 T T

*%x @ Cas9
4 c-Cbl KO 4

_i

0 60

120 180 240

Time (minutes)

FIGURE 6 Knockdown of c-Cbl sustains EGFR-mediated MAPK phosphorylation. CAS9 expressing or c-Cbl knockout hTCEpi cells

were serum-starved and treated with 10 ng/ml of EGF for the indicated amounts of time. (A) Cell lysates were prepared and equivalent
amounts of protein (30 ug) were resolved by 10% SDS-PAGE. The resulting gel was transferred to nitrocellulose and immunoblotted for
phosphoMAPK and total MAPK. Shown are representative immunoblots from an experiment that was performed three times using multiple
c-Cbl knockout clones. (B) Immunoblots were quantified using NIH ImagelJ. The average (+SD) relative phosphoMAPK activity (plotted

as a ratio of phosphoMAPK/total MAPK). Levels are normalized to the maximal phosphorylation (t = 15 min). Data were analyzed with an
ANOVA with a Sidak-Bonferroni post-test analysis (a = 5.000%, *p < 0.05; **p < 0.01)

the movement of the ligand is largely unchanged by the absence of
c-Cbl. However, when the subcellular distribution of the receptor is
examined (Figure 3), c-Cbl knockout cells clearly retain EGFRs on the
cell surface 30-60 min after ligand stimulation.

These differences were quantified using radioligand assays.
There was a 35% decrease in the rate of ligand:receptor endocy-
tosis. Our data show the same trend as reported by Huang et al,®
but we did not observe as robust of an effect from the c-Cbl knock-
out. This is likely due to the difference in cell line and level of re-
ceptor expression. In their studies, c-Cbl was transiently knocked
down using siRNA in PAE cells expressing exogenous EGFRs.%® The
corneal epithelial cells used in these experiments express EGFRs at

~1.0 x 10° receptors/cell.}

The observation that c-Cbl deficient cells have increased 2°|
secretion is consistent with the work of Eden et al.?* They demon-
strated that overexpressed ubiquitylation-deficient EGFRs inter-
nalized and then preferentially recycled from the early endosome.
The increase in secreted *2° (30-90 min after ligand treatment)
(Figure 4C) is consistent with this finding. The rapid kinetics of 2’|
secretion and the absence of any differences in degraded intracel-
lular *2°1-EGF until 120 min post-endocytosis is consistent with the

recycling of the ligand.

The slowed endocytosis and increased recycling are supported
by a decreased rate of EGFR degradation (Figure 5B). Importantly,
these changes in trafficking are sufficient to increase the magnitude
of EGFR phosphorylation and sustain MAPK phosphorylation. Thus,
the changes in trafficking have a biological consequence. Additional
studies are needed to determine if these changes in signaling impact
other downstream effectors (i.e., STAT3, PI3-K, Akt, PLCy) or are
unique to MAPK.

The different kinetic profiles in EGFR and MAPK activity reig-
nite questions about the spatial regulation in receptor tyrosine ki-
nase signaling. The loss of c-Cbl increases the magnitude of EGFR
phosphorylation at relatively short time points (0-120 min), but
MAPK signaling is sustained at longer time points (120-240 min).
Although it is well established that there are differences in the
kinetics of EGFR and MAPK activity, these data temporally sep-
arate the phosphorylation of each protein. The EGFR-mediated
signaling to MAPK takes place well before the receptor becomes
dephosphorylated or degraded.

Due to technical limitations, previous in vivo studies have only
provided indirect evidence that antagonizing ubiquitylation will pro-
mote corneal epithelial wound healing and homeostasis.>’ However,

this study provides direct evidence that the inhibition of c-Cbl can
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prevent EGFR desensitization asindicated by the slowed rate of EGFR
degradation and sustained receptor phosphorylation. Although inhi-
bition of c-Cbl alone is sufficient to enhance EGFR signaling, it does
not rule out the possibility that an even greater response could be
achieved by antagonizing other E3 ligases, either alone or in tandem
with c-Cbl antagonism.?”*° However, in vivo studies are needed to
determine the optimal level of EGFR ubiquitylation. A complete loss
of EGFR ubiquitylation may be deleterious to the health of the cor-
neal epithelium.

The role of c-Cbl as a negative regulator of EGFR signaling has
been well established using cancer cells or cell lines engineered to
express exogenous EGFRs. Its role in regulating endogenous EGFRs
that contribute to tissue homeostasis has been less well studied.
There has been a movement to pharmacologically target E3 ligases
for the treatment of various pathological conditions,*! including the
restoration of damaged corneal epithelium. For these compounds to
be successful therapeutic agents, it is important to understand the
substrate specificity, what stages of membrane trafficking are im-
pacted, and how cell-biology is affected. Although the inhibition of
EGFR ubiquitylation in corneal epithelial cells has been shown to en-
hance tissue regeneration,39 this study in corneal epithelial cells is the
first to define the contribution of c-Cbl in controlling EGFR endocytic
trafficking and signaling. We are now positioned to study the biologi-
cal consequences using in vitro (cell proliferation, migration, viability)
and in vivo (corneal epithelial development and wound healing).

Finally, c-Cbl is an E3 ligase for a number of other proteins. This
initial study examines the EGFR because of its central role in corneal
epithelial homeostasis. However, other c-Cbl substrates, including
receptors (i.e., CSF1 receptor, EphA2, FGF receptor 2, VEGF re-
ceptor 2) and effectors (i.e., PLCy1, Abl),*>* are expressed in the

48-50 and contribute to tissue homeostasis. In the

corneal epithelium
future, this cell line can be used to assess the role of the ubiquityla-

tion of other substrates in corneal epithelial homeostasis.

5 | CONCLUSION

We report that knockout of c-Cbl was sufficient to disrupt EGFR en-
docytic trafficking in corneal epithelial cells. Our data demonstrate
that the knockout of c-Cbl is not sufficient to completely block
ligand-mediated EGFR ubiquitylation. This reduction in ubiquityla-
tion is sufficient to delay receptor endocytosis and degradation, as
well as, enhance EGFR phosphorylation and signaling. Thus, antago-
nizing c-Cbl is a viable strategy for enhancing corneal epithelial ho-

meostasis and wound healing.

ACKNOWLEDGMENTS

This research was supported by the National Institutes of Health
under award RO1EY028911 (B.P.C.). The content is the sole respon-
sibility of the authors and does not necessarily represent the official
views of the National Institutes of Health. We thank Omair Ahmed
and Kate Tarvestad for their work with preliminary experiments.

BRITISH 9 Of 10
- PHARMACOLOGICAL-
SOCIETY

DISCLOSURE

The authors have no conflicts of interest to declare.

AUTHOR CONTRIBUTIONS

Participated in research design: Crotchett, B.L.M., Ceresa, B.P.
Conducted experiments: Crotchett, B.L.M., Ceresa, B.P. Performed
data analysis: Crotchett, B.L.M., Ceresa, B.P. Wrote or contributed
to the writing of the manuscript: Crotchett, B.L.M., Ceresa, B.P.

ETHICAL APPROVAL
There were no ethical considerations or approvals required for this
manuscript.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from
the corresponding author upon reasonable request.

ORCID

Brian P. Ceresa " https://orcid.org/0000-0002-2310-6137

REFERENCES

1. Ceresa BP, Peterson JL. Cell and molecular biology of epidermal
growth factor receptor. Int Rev Cell Mol Biol. 2014;313:145-178.

2. DelMonte DW, Kim T. Anatomy and physiology of the cornea. J
Cataract Refract Surg. 2011;37(3):588-598.

3. Johnson KS, Levin F, Chu DS. Persistent corneal epithelial defect
associated with erlotinib treatment. Cornea. 2009;28(6):706-707.

4. Morishige N, Hatabe N, Morita Y, et al. Spontaneous healing of cor-
neal perforation after temporary discontinuation of erlotinib treat-
ment. Case Rep Ophthalmol. 2014;5(1):6-10.

5. Shin E, Lim DH, Han J, et al. Markedly increased ocular side effect
causing severe vision deterioration after chemotherapy using new
or investigational epidermal or fibroblast growth factor receptor
inhibitors. BMC Ophthalmol. 2020;20(1):19.

6. Zieske JD, Takahashi H, Hutcheon AE, Dalbone AC. Activation of
epidermal growth factor receptor during corneal epithelial migra-
tion. Invest Ophthalmol Vis Sci. 2000;41(6):1346-1355.

7. Daniele S, Frati L, Fiore C, Santoni G, et al. The effect of the
epidermal growth factor (EGF) on the corneal epithelium in hu-
mans. Albrecht Von Graefes Arch Klin Exp Ophthalmol, 1979;210(3):
159-165.

8. Foerster CG, Cursiefen C, Kruse FE. Persisting corneal erosion
under cetuximab (Erbitux) treatment (epidermal growth factor re-
ceptor antibody). Cornea. 2008;27(5):612-614.

9. Kawakami H, Sugioka K, Yonesaka K, et al. Human epidermal
growth factor eyedrops for cetuximab-related filamentary keratitis.
J Clin Oncol. 2011;29(23):e678-e679.

10. Scardovi C, De Felice GP, Gazzaniga A. Epidermal growth factor in
the topical treatment of traumatic corneal ulcers. Ophthalmologica.
1993;206(3):119-124.

11. Dellaert M, Casey TA, Wiffen S, et al. Influence of topical human
epidermal growth factor on postkeratoplasty re-epithelialisation.
Br J Ophthalmol. 1997;81(5):391-395.

12. Kandarakis AS, Page C, Kaufman HE. The effect of epidermal
growth factor on epithelial healing after penetrating keratoplasty
in human eyes. Am J Ophthalmol. 1984,98(4):411-415.

13. Ohashi Y, Motokura M, Kinoshita Y, et al. Presence of epider-
mal growth factor in human tears. Invest Ophthalmol Vis Sci.
1989;30(8):1879-1882.


https://orcid.org/0000-0002-2310-6137
https://orcid.org/0000-0002-2310-6137

10 Of 10 BRITISH
PHARMACOLOGICAL
SOCIETY

14.
15.

16.

17.

18.
19.

20.
21.
22.

23.
24.

25.

26.

27.

28.
29.

30.
31

32.

33.
34.

35.

CROTCHETT anp CERESA

Peterson JL, Phelps ED, Doll MA, et al. The role of endogenous epi-
dermal growth factor receptor ligands in mediating corneal epithe-
lial homeostasis. Invest Ophthalmol Vis Sci. 2014;55(5):2870-2880.
van Setten GB. Epidermal growth factor in human tear fluid: in-
creased release but decreased concentrations during reflex tearing.
Curr Eye Res. 1990;9(1):79-83.

van Setten GB, Schultz GS, Macauley S. Growth factors in human
tear fluid andinlacrimal glands. Adv Exp Med Biol. 1994;350:315-319.
McClintock JL, Ceresa BP. Transforming growth factor-o (TGF-«)
enhances corneal epithelial cell migration by promoting EGFR recy-
cling. Inv Opth Vis Sci. 2010;51(7):3455-3461.

Pickart CM.Backtothefuturewithubiquitin. Cell. 2004;116(2):181-190.
Joazeiro CAP, et al. The tyrosine kinase negative regulator c-Cbl
as a RING-type, E2-dependent ubiquitin-protein ligase. Science.
1999;286:309-312.

Levkowitz G, Waterman H, Zamir E, et al. c-Cbl/Sli-1 regulates en-
docytic sorting and ubiquitination of the epidermal growth factor
receptor. Genes Dev. 1998;12:3663-3674.

Waterman H, Katz M, Rubin C, et al. A mutant EGF-receptor de-
fective in ubiquitylation and endocytosis unveils a role for Grb2 in
negative signaling. EMBO J. 2002;21(3):303-313.

Sigismund S, Algisi V, Nappo G, et al. Threshold-controlled
ubiquitination of the EGFR directs receptor fate. EMBO J.
2013;32(15):2140-2157.

Sigismund S, Woelk T, Puri C, et al. Clathrin-independent endocyto-
sis of ubiquinated cargos. Proc Natl Acad Sci.2005;102(8):2760-2765.
Eden ER,HuangF,Sorkin A, etal. Therole of EGF receptor ubiquitina-
tion in regulating its intracellular traffic. Traffic. 2012;13(2):329-337.
Huang F, Zeng X, Kim W, et al. Lysine 63-linked polyubiquitination
is required for EGF receptor degradation. Proc Natl Acad Sci USA.
2013;110(39):15722-15727.

Keane MM, Ettenberg SA, Nau MM, et al. cbl-3: a new mammalian
cbl family protein. Oncogene. 1999;18(22):3365-3375.

Pennock S, Wang Z. A tale of two Cbls: interplay of c-Cbl and Chl-b
in epidermal growth factor receptor downregulation. Mol Cell Biol.
2008;28(9):3020-3037.

Katz M, Shtiegman K, Tal-Or P, et al. Ligand-independent degrada-
tion of epidermal growth factor receptor involves receptor ubig-
uitylation and Hgs, an adaptor whose ubiquitin-interacting motif
targets ubiquitylation by Nedd4. Traffic. 2002;3(10):740-751.

Lin Q, Wang J, Childress C, et al. HECT E3 ubiquitin ligase Nedd4-1
ubiquitinates ACK and regulates epidermal growth factor (EGF)-
induced degradation of EGF receptor and ACK. Mol Cell Biol.
2010;30(6):1541-1554.

Huang F, Goh LK, Sorkin A. EGF receptor ubiquitination is
not necessary for its internalization. Proc Natl Acad Sci USA.
2007;104(43):16904-16909.

Robertson DM, Li LI, Fisher S, et al. Characterization of growth and
differentiation in a telomerase-immortalized human corneal epi-
thelial cell line. Inv Opth Vis Sci. 2005;46(2):470-478.

Visser Smit GD, Place TL, Cole SL, et al. Cbl controls EGFR fate by
regulating early endosome fusion. Sci Signal. 2009;2(102):ra86.
Vanlandingham PA, Ceresa BP. Rab7 regulates late endocytic traf-
ficking downstream of multivesicular body biogenesis and cargo
sequestration. J Biol Chem. 2009;284(18):12110-12124.

Jiang X, Huang F, Marusyk A, et al. Grb2 regulates internaliza-
tion of EGF receptors through clathrin-coated pits. Mol Biol Cell.
2003;14(3):858-870.

Sorkin A, Krolenko S, Kudrjavtceva N, et al. Recycling of epidermal
growth factor-receptor complexes in A431 cells: identification of
dual pathways. J Cell Biol. 1991;112(1):55-63.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Mu F-T, Callaghan JM, Steele-Mortimer O, et al. EEA1, an early
endosome-associated protein. J Biol Chem. 1995;270(22):13503-13511.
Fortian A, Dionne LK, Hong SH, et al. Endocytosis of ubiquitylation-
deficient EGFR mutants via clathrin-coated pits is mediated by
ubiquitylation. Traffic. 2015;16(11):1137-1154.

Huang F, Kirkpatrick D, Jiang X, et al. Differential regulation of EGF
receptor internalization and degradation by multiubiquitination
within the kinase domain. Mol Cell. 2006;21:737-748.

Rush JS, Boeving MA, Berry WL, et al. Antagonizing c-Cbl enhances
EGFR-dependent corneal epithelial homeostasis. Invest Ophthalmol
Vis Sci. 2014;55(8):4691-4699.

Huang F, Sorkin A. Growth factor receptor binding protein
2-mediated recruitment of the RING domain of Cbl to the epider-
mal growth factor receptor is essential and sufficient to support
receptor endocytosis. Mol Biol Cell. 2005;16(3):1268-1281.

Kessler BM. Ubiquitin - omics reveals novel networks and
associations with human disease. Curr Opin Chem Biol.
2013;17(1):59-65.

Bhat A, Kolibaba K, Oda T, et al. Interactions of CBL with BCR-
ABL and CRKL in BCR-ABL-transformed myeloid cells. J Biol Chem.
1997,272(26):16170-16175.

Dufour C, Guenou H, Kaabeche K, et al. FGFR2-Cbl interaction in
lipid rafts triggers attenuation of PI3K/Akt signaling and osteoblast
survival. Bone. 2008;42(6):1032-1039.

Singh AJ, Meyer RD, Navruzbekov G, et al. A critical role
for the E3-ligase activity of c-Cbl in VEGFR-2-mediated
PLCgammal activation and angiogenesis. Proc Natl Acad Sci USA.
2007;104(13):5413-5418.

Walker-Daniels J, Riese DJ 2nd, Kinch MS. c-Cbl-dependent EphA2
protein degradation is induced by ligand binding. Mol Cancer Res.
2002;1(1):79-87.

Wang Y, Yeung YG, Stanley ER. CSF-1 stimulated multiubiquitina-
tion of the CSF-1 receptor and of Cbl follows their tyrosine phos-
phorylation and association with other signaling proteins. J Cell
Biochem. 1999;72(1):119-134.

Yasuda T, Maeda A, Kurosaki M, et al. Cbl suppresses B cell
receptor-mediated phospholipase C (PLC)-gamma2 activation by
regulating B cell linker protein-PLC-gamma2 binding. J Exp Med.
2000;191(4):641-650.

Dyrlund TF, Poulsen ET, Scavenius C, et al. Human cornea pro-
teome: identification and quantitation of the proteins of the three
main layers including epithelium, stroma, and endothelium. J
Proteome Res. 2012;11(8):4231-4239.

Joseph R, Srivastava OP, Pfister RR. Differential epithelial and stro-
mal protein profiles in keratoconus and normal human corneas. Exp
Eye Res. 2011;92(4):282-298.

Mikhailova A, llmarinen T, Ratnayake A, et al. Comparative pro-
teomics reveals human pluripotent stem cell-derived limbal epithe-
lial stem cells are similar to native ocular surface epithelial cells. Sci
Rep. 2015;5:14684.

How to cite this article: Crotchett BL, Ceresa BP. Knockout
of c-Cbl slows EGFR endocytic trafficking and enhances
EGFR signaling despite incompletely blocking receptor
ubiquitylation. Pharmacol Res Perspect. 2021;9:e00756.
https://doi.org/10.1002/prp2.756



https://doi.org/10.1002/prp2.756

