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8-Catenin, a member of the p120-catenin subfamily of arma-
dillo proteins, reportedly increases during the late stage of
prostate cancer. Our previous study demonstrates that &
catenin increases the stability of EGFR in prostate cancer cell
lines. However, the molecular mechanism behind &-catenin-
mediated enhanced stability of EGFR was not explored. In this
study, we hypothesized that §-catenin enhances the protein
stability of EGFR by inhibiting its lysosomal degradation that is
mediated by c-casitas b-lineage lymphoma (c-Cbl), a RING
domain E3 ligase. c-Cbl monoubiquitinates EGFR and thus
facilitates its internalization, followed by lysosomal degrada-
tion. We observed that -catenin plays a key role in EGFR
stability and downstream signaling. 8-Catenin competes with
c-Cbl for EGFR binding, which results in a reduction of bind-
ing between c-Cbl and EGFR and thus decreases the ubiquiti-
nation of EGFR. This in turn increases the expression of mem-
brane bound EGFR and enhances EGFR/Erk1/2 signaling. Our
findings add a new perspective on the role of &-catenin in
enhancing EGFR/Erk1/2 signaling-mediated prostate cancer.
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INTRODUCTION

Epidermal growth factor receptor (EGFR; ErbB-1; and HER 1
in humans) is a transmembrane glycoprotein involved in
regulating cellular proliferation, differentiation, and survival.
It belongs to the ErbB family, which is comprised of four
structurally related receptor tyrosine kinases, EGFR (ErbB-1),
HER2/c-neu (ErbB-2), Her 3 (ErbB-3), and Her 4 (ErbB-4)
(Herbst, 2004). Ligand binding to EGFR induces a conforma-
tional change of the receptor that transforms EGFR from its
inactive monomeric form to active homo or heterodimers.
EGFR dimerization subsequently induces autophosphoryla-
tion of several tyrosine (Y) residues (Y992, Y1045, Y1068,
Y1148, and Y1173) in the cytoplasmic C-terminal domain.
Phosphorylated tyrosine kinase residues act as docking sites
for signal transducers and activators of intracellular sub-
strates, which then initiate downstream signaling pathways
(Prenzel et al., 2001; Scaltriti and Baselga, 2006; Tomas et al.,
2014). Among these signaling pathways, the mitogen acti-
vated protein kinase (MAPK) signaling pathway is a major
signaling cascade triggered by activation of EGFR. However,

Received 7 November, 2017; revised 1 January, 2018; accepted 2 January, 2018; published online 5 April, 2018

elSSN: 0219-1032

©The Korean Society for Molecular and Cellular Biology. All rights reserved.

€This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Unported
License. To view a copy of this license, visit http://creativecommons.org/licenses/by-nc-sa/3.0/.

320 Mol. Cells 2018; 41(4): 320-330



dysregulation of this pathway by over-expression, over-
activation, or mutations in EGFR or other elements in the
pathway results in upregulation of downstream signaling
pathways leading to hyperproliferative diseases, like cancer
(Normanno et al., 2006; Prenzel et al., 2001; Yarden, 2001).
Overexpression of EGFR is found in many epithelial cancers,
including prostate cancer (Di Lorenzo et al., 2002; Norman-
no et al, 2006; Yarden, 2001; Yarden and Sliwkowski,
2001).

EGFR is known to be ubiquitinated by a RING domain E3
ligase, c-casitas b-lineage lymphoma (c-Cbl) (Grovdal et al.,
2004; Levkowitz et al., 1998; 1999; Yokouchi et al., 1999).
The c-Cbl is a member of the Cbl family, which also contains
two other members, Cbl-b and Cbl-c¢/Cbl-3 (Thien and
Langdon, 2005). The ¢-Cbl is composed of an N terminal
transforming region (CbI-N), which contains a phosphotyro-
sine binding (PTB) domain, and a C terminal modular region
(Cbl-C) containing a RING motif, a large proline rich region,
and a leucine zipper. While the PTB domain binds with the
phosphotyrosine in the activated receptor as well as non-
receptor tyrosine kinases, a RING finger domain interacts
with ubiquitin conjugating enzymes (E2), and a large proline
rich region interacts with SH3 domain-containing proteins
(Lupher et al., 1998). c-Cbl binds to EGFR either directly
through phosphorylated Tyr1045, or indirectly through Grb2
(Grovdal et al., 2004). c-Cbl binding and consequential
phosphorylation activates its E3 ligase activity. Then, c-Cbl
recruits the ubiquitin conjugating enzyme Ubc-H7 via its
RING domain, leading to EGFR monoubiquitination and
lysosomal degradation (Levkowitz et al., 1999; Yokouchi et
al., 1999).

§-Catenin is a member of the p120-catenin (p120ctn) sub-
family of armadillo proteins (Anastasiadis and Reynolds,
2000). It was first identified as a binding partner of prese-
nilin-1 (PS-1) (Zhou et al., 1997). &-Catenin binds to jux-
tamembrane domain region of E-cadherin, a classical cad-
herin involved in epithelial cell-cell adhesion (Kim et al,
2012; Yang et al., 2010). &-Catenin is abundantly expressed
in the brain and has been implicated in the regulation of
dendrogenesis and cognitive functions (Israely et al., 2004;
Kim et al., 2008). However, 8-catenin has been found to be
overexpressed in different cancers in peripheral tissues, in-
cluding prostate cancer tissues (Burger et al., 2002; Lu et al,,
2005; 2009). Studies have demonstrated that &-catenin
plays a pivotal role in the progression of prostate cancer. An
analysis of human prostate cancer and benign prostate tis-
sue samples demonstrated that 85% of prostatic adenocar-
cinomas showed enhanced &-catenin immunoreactivity, and
the &-catenin expression is correlated with increasing
Gleason score (Lu et al., 2005). Furthermore, it has been
reported that d-catenin mRNA is overexpressed in prostate
cancer in comparison to benign prostate hyperplasia (BPH)
(Burger et al., 2002). The overexpression of 8-catenin pro-
motes prostate cancer cell growth and progression by alter-
ing the cell cycle and profiles of survival genes (Zeng et al.,
2009). Similarly, overexpression of EGFR has been found in
prostate cancer (Di Lorenzo et al., 2002; Normanno et al.,
2006; Yarden, 2001; Yarden and Sliwkowski, 2001). In addi-
tion, He et al. (2016) have demonstrated that interaction of
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EGFR to &-catenin leads to 8-catenin phosphorylation and
enhances EGFR signaling in prostate cancer cells (He et al,,
2016). Due to these facts, we have selected prostate cancer
cell for studying the underlying mechanism of increased
EGFR stability in presence of 8-catenin.

Previously, we demonstrated that 3-catenin overexpression
increased the stability of EGFR (He et al., 2016). However,
the molecular mechanism behind enhanced EGFR stability in
presence of d-catenin was not known. In the present study,
we investigated the molecular mechanism behind increased
EGFR stability in the presence of 8-catenin. We found that &-
catenin binds closely to sites EGFR Y1045 and competes
with c-Cbl for EGFR binding leading to reduction in binding
between EGFR and c-Cbl. This resulted in a decrease in
ubiquitination and lysosomal degradation of EGFR, which
increases protein expression of membrane bound EGFR.
Ultimately, this result upregulates the activity of EGFR-
mediated downstream signaling pathways, as seen in pros-
tate cancer cells.

MATERIALS AND METHODS

Plasmids

The construction of GFP-8-Catenin was previously described
by Kim et al. (2002). Untagged 8-Catenin (RN) in the pEBG
vector was provided by Professor Qun Lu from East Carolina
University. The GFP-tagged EGFR, HA-tagged c-Cbl, HA-
tagged c-Cbl AC3AHN (RING finger domain deleted c-Cbl),
and HA-tagged Ub were kindly provided by Professor
Kwang Youl Lee from Chonnam National University. The
construct of EGFR Y1045F-EGFP (#40267) in the pEGFP N3
vector was purchased from Addgene.

Antibodies and reagents

The anti-8-catenin (#611537) antibody was purchased from
BD Bioscience (USA). The anti-GFP (#G1544) and anti-B-
actin (#A5441) antibodies were bought from Sigma-Aldrich
(USA). The anti-EGFR (1005) (#SC-03), anti-c-Cbl (C-15)
(#SC-170), anti-Erk (C-140) (#SC-154) and anti-E-cadherin
(SC-7870) antibodies were purchased from Santa Cruz Bio-
technology, Inc., USA. The anti-p-Erk (P-p44/42 MAPK)
(#9101S), anti-a-tubulin (#79026) and anti-cleaved PARP
(#9541) antibodies were from Cell Signaling Technology
(USA). The HA epitope was detected using media from
12CAS5 hybridomas provided by Professor Kwang Youl Lee
from Chonnam National University.

The epidermal growth factor (EGF) (#E9644) was ob-
tained from Sigma-Aldrich (USA). Paclitaxel (#T7191) and
MTS solution (#G3580) were purchased from Sigma-Aldrich
(USA) and Promega Biotechnology company (USA) respec-
tively. The M-MLV reverse transcriptase kit was obtained
from Invitrogen (USA). The SYBR green was bought from
Enzynomics (Korea). The CFX System was from Bio-Rad
(USA).

Cell culture, transfection and EGF treatment

CWR22Rv-1 and PC3 (prostate cancer cells) were cultured in
Rosswell Park Memorial Institute medium (RPMI) supple-
mented with 10% Fetal Bovine Serum (FBS) and 1% penicil-
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lin/streptomycin at 37C with 5% CO,. Rv/8 and Rv/C cells
overexpressing mouse GFP-8-catenin and GFP, respectively,
were derived from CWR22Rv-1 and were grown in RPMI
supplemented with 10% FBS, 1% penicillin/streptomycin,
and 125 ug/ml G418 (Sigma, St louis, MO) at 37C with 5%
COs.

CWR22Rv-1 and PC3 cells were transfected using PEI
(#24765-2; Polysciences, Inc; USA) according to the manu-
facturer's instructions.

After 24 h of transfection, the CWR22Rv-1 cells were se-
rum-starved for a further 1 day and treated with 100 ng/ml
of EGF for the indicated time periods.

Immunoblotting and Immunoprecipitation

Cell lysate preparation and immunoblotting were performed
as described by Kim et al. (2005). Briefly, cells were harvest-
ed with lysis buffer (MLB) (10% glycerol, 25 mM HEPES,
150 mM NaCl, 1 mM EDTA, 25 mM NaF, 1T mM NasVOg,
1% Nonidet P-40, 0.2 mM phenylmethylsulfonyl fluoride,
and protease inhibitor mixture) and a protein assay was car-
ried out with a BCA kit (Pierce, USA). Sample were run on
Sodium dodecyl sulfate (SDS) gel and blotted on a polyvinyl-
idene difluoride (PVDF) membrane. The membranes were
blocked with 5% skim milk and were probed with the nec-
essary primary antibodies followed by a secondary antibody.
Finally, proteins were visualized using an enhanced chemi-
luminescence reagent (Millipore; USA).

For immunoprecipitation, cell lysates were obtained as de-
scribed above. Cell lysates were incubated with primary anti-
body according to the manufacturer’s protocol for 16 h at
4C and purified with protein G sepharose beads (GE
Healthcare, Sweden). The resulting immune complexes were
washed three times and denatured at 95T for 2 min with
15 w of 2x sample buffer (0.1 M Tris-HC|, pH 6.8, 0.2 M
DTT, 4% SDS, 20% glycerol, 0.2% bromophenol blue, and
1.43 M B-mercaptoethanol). The resulting samples were
loaded on SDS-gel followed by immunoblotting.

Biotinylation

Biotinylation was performed as described by Kim et al.
(2012). Briefly, CWR22Rv-1 cells were cultured in 100 mm
dishes. After 24 h of transfection cells were serum-starved
for 1 day and treated with 100 ng/ml EGF for the indicated
time periods. The cells were washed gently with ice cold
reaction buffer (0.1 M phosphate, 0.15 M Nadl, pH 8.0)
twice. Furthermore, the cells were incubated with a mixture
of ice-cold reaction buffer and 0.5 mM sulfo-NHS-SS-Biotin
(Pierce, USA) at room temperature for 30 min. The cells
were washed three times with ice cold reaction buffer and
lysed in MLB lysis buffer. This procedure was followed by
centrifugation at 13,200 rpm for 15 min at 4C. The protein
concentration in the resultant samples was measured, and
equal amounts of protein lysates were used in a pull-down
assay with streptavidin-agarose beads (Pierce, USA). Then,
the purified proteins were subjected to immunoblotting.
Biotinylated plasma membrane localized EGFR was detected
by immunoblotting with anti-EGFR antibody.
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Quantitative real-time PCR

The quantitative real-time PCR was performed as described
previously (Nguyen et al., 2014). Briefly, the total RNA was
isolated from Rv/C and Rv/8 cells and 1 ug of total RNA was
converted to ¢cDNA using M-MLV reverse Transcriptase kit
(Invitrogen, USA). Real-time PCR analysis using a SYBR green
(Enzynomics, Korea) was performed by CFX System (Bio-Rad,
USA).

MTS assay

First, RV/C and RV/3 cells were cultured in 96 well. After 24
h, each of the wells were treated with 10 uM and 20 uM of
paclitaxel (Sigma #T77191) for next 24 h. This was followed
by the addition of a MTS solution (Promega #G3580) for 2 h.
Then, the OD value was measured at wavelength of 492 nm.
Since, 620 nm wavelength was used as reference wave-
length, the OD value measured at 620 nm was subtracted
from OD value measured at 420 nm to calculate cell viability.
Each result is repeated in triplicate and an average of the
results was taken.

Statistical analysis

The statistical analysis was performed using the SigmaPlot
version 10.0. The unpaired Student’s t test was used to de-
termine the significance of our data. *p < 0.05, **p < 0.001
and ***p < 0.0001 were regarded as statistically significant.

RESULTS

&-Catenin increases membranous EGFR stability and
upregulates EGFR/Erk1/2 signaling

Our previous study showed that overexpression of 8-catenin
enhances the stability of EGFR, thus upregulating EGFR/Erk1/2
signaling (He et al., 2016). However, the mechanism behind
the effect of 8-catenin on EGFR was unknown. To determine
the effect of 8-catenin overexpression on EGFR, we first ex-
amined the effect of 8-catenin on EGFR in the Rv/d and Rv/C
cell lines, which overexpress GFP-8-catenin and GFP, respec-
tively. Rv/d and Rv/C cells were serum-starved for 1 day, and
then treated with 100 ng/ml EGF for the indicated time pe-
riods, as shown in Fig. 1A. We observed that EGFR protein
level was higher in Rv/6 cells than in Rv/C cells. Similarly, p-
Erk1/2 expression was higher in Rv/3 cells than in Rv/C cells
(Fig. 1A).

To further investigate the effect of 8-catenin on membra-
nous EGFR, we carried out a biotinylation experiment. In the
absence of EGF, &-catenin overexpression increased mem-
brane bound EGFR. Similarly, in the presence of EGF, over-
expression of 8-catenin resulted in increased level of mem-
brane-bound EGFR, suggesting a protective role of 8-catenin
on membranous EGFR (Fig. 1B). It is known that EGF induc-
es activation of EGFR, followed by degradation and attenua-
tion of EGFR and downstream signaling pathways (Roep-
storff et al., 2009). Thus, our data indicates that &-catenin
protects EGFR from degradation, resulting in an increase in
membranous EGFR protein expression, which in turn upreg-
ulates EGFR/Erk1/2 signaling.
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Fig. 1. Effect of 8-catenin on the stability of EGFR. (A) Rv/C and Rv/3 cells were serum starved for 24 h, and then treated with 100 ng/ml
EGF for different times, followed by immuno-blotting with specific antibodies. This experiment was repeated independently three times
(B) Biotin-labeling purification of EGFR was carried out from the lysate obtained from transfection of &-catenin in CWR22Rv-1 cells that
were serum starved for 24 h and then treated with 100 ng/ml EGF for 5 min. The experiment was performed three times independently.
(C) Quantitation of membranous EGFR shown in Fig. 1B. The data represents mean + SD. (D) Quantitation of membranous E-cadherin
shown in Fig. 1B. The data represents mean £ SD. All p values were determined with unpaired Student’s t test: *p < 0.05, **p < 0.001

and ***p < 0.0001.

§-Catenin protects EGFR from c-Cbl-mediated
ubiquitination and thereby enhances EGFR protein
stability
Several studies have suggested that EGFR is negatively
regulated by c-Cbl, which monoubiquitinates EGFR, and
thus facilitates its endocytosis followed by lysosomal deg-
radation (de Melker et al., 2001; Kirisits et al., 2007, Lev-
kowitz et al., 1998). To investigate the role of 8-catenin in
lysosomal degradation of EGFR mediated by c-Cbl, we
carried out a biotinylation experiment. We transiently
transfected CWR22Rv-1 cells with the respective plasmids
as shown in Fig. 2A. After 24 h of transfection, the cells
were serum-starved for 1 day. This was followed by a
treatment with 100 ng/ml EGF for 5 min. From the bioti-
nylation experiment, we found that &-catenin increased
membranous EGFR even in presence of ¢-Cbl which medi-
ates ubiquitination and degradation of EGFR (Fig. 2A). To
confirm this data, we performed a similar set of experi-
ments in PC3 cells. We transfected the plasmids as shown
in Fig. 2C. After 24 h of transfection, PC3 cells were serum
starved for next 24 h. Then, the cells were treated with
100 ng/ml EGFR for 5 min. We observed a similar result as
in CWR22Rv-1 (Fig. 20Q) i.e., the membrane bound EGFR
was increased in the presence of 8-catenin, regardless of c-
Cbl mediated EGFR ubiquitination.

Both of these data suggest that 8-catenin protects EGFR

from c-Cbl-mediated degradation and enhances EGFR pro-
tein stability in prostate cancer cells.

8-Catenin decreases the ubiquitination of EGFR.

Figure 2 demonstrates that overexpression of &-catenin in-
creases membranous EGFR regardless of the c-Cbl mon-
oubiquitination of EGFR. However, the underlying mecha-
nism that controls membranous EGFR stability in the pres-
ence of 8-catenin is unknown. Thus, we hypothesized that 6-
catenin decreases the ubiquitination of EGFR mediated by c-
Cbl. We overexpressed &-catenin in a dose-dependent man-
ner in CWR22Rv-1 cells and performed immunoprecipitation
with anti-HA antibody. As expected, we found that ubiquiti-
nation of EGFR was decreased with an increase in the
amount of 3-catenin in a dose-dependent manner (Fig. 3A).

To further confirm this data, a reverse IP was performed
with anti-EGFR antibody. We observed a decrease in ubiqui-
tinated EGFR in the presence of §-catenin (Fig. 3C). This
further demonstrated that 8-catenin decreases the ubiquiti-
nation of EGFR, resulting in enhanced EGFR stability in the
cell membrane.

Interestingly, we also observed that binding of c-Cbl to
EGFR was decreased in the presence of &-catenin (Fig. 30).
Next, we performed similar experiment in PC3 cells. We
observed similar result i.e., decrease in EGFR ubiquitination
in presence of &-catenin (Fig. 3E). Taken together, these
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results indicate that 8-catenin reduces the binding of c-Cbl to
EGFR, resulting in decreased EGFR ubiquitination and en-
hanced EGFR stability in the cell membrane.

Furthermore, we investigated the effect of 8-catenin on
the ubiquitination of EGFR in the presence of RING domain
deleted c-Cbl. We observed that RING domain deleted c-Cbl
did not induce EGFR ubiquitination. Moreover, &-catenin
had no effect on the ubiquitination of EGFR in the presence
of RING domain deleted c-Cbl (Fig. 3G). This data further
suggests that 8-catenin decreases the ubiquitination of EGFR
mediated by the RING domain of c-Cbl.

&-Catenin and c-Cbl competitively bind EGFR

Previously, we demonstrated that 6-catenin binds with EGFR
and this binding is reduced in response to EGF treatment
(He et al., 2016). On the other hand, several other studies
suggested that c-Cbl binds with EGFR in the presence of
EGF and facilitates EGFR downregulation (de Melker et al.,
2001; Kirisits et al., 2007; Levkowitz et al., 1998). Thus, to
investigate the relationship among &-catenin, c-Cbl, and
EGFR, we overexpressed d-catenin, EGFR-GFP, and c-Cbl-HA
in CWR22Rv-1 cells. The transfected cells were serum
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starved for 1 day, and then treated with or without 100
ng/ml EGF for 2 min. The cells were treated with EGF for 2
min to observe optimum binding between &-catenin and
EGFR, and EGFR and c-Cbl. The long time EGF treatment
facilitates EGFR endocytosis and lysosomal degradation of
EGFR decreasing the membranous EGFR. Similarly, EGF
treatment for longer period decreases the binding between
EGFR and &-catenin. The resultant lysates were immunopre-
cipitated with anti-EGFR antibody. We observed that the
binding between c-Cbl and EGFR was decreased in the pres-
ence of &-catenin. Surprisingly, we also found that the bind-
ing between 8-catenin and EGFR was decreased in the pres-
ence of c-Cbl in EGF treated samples. However, binding
between 8-catenin and EGFR in the absence of EGF was not
affected by c-Cbl (Fig. 4A). These data suggest that, in the
presence of EGF, 8-catenin and c-Cbl compete with each
other to bind with EGFR.

To further confirm this result, we assessed the binding
between EGFR and c-Cbl with a dose-dependent increase
in 8-catenin. We observed results similar to those shown
in Fig. 4A. Binding between c-Cbl and EGFR was reduced
as the amount of 8-catenin was increased (Fig. 4B).
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Fig. 3. &Catenin decreases the ubiqui-
tination of EGFR. (A) Ubiquitinated
EGFR was detected by immuno-
precipitation with anti-HA antibody
followed by immuno-blotting with
anti-GFP antibody of lysate from
transfecting respective plasmid in
CWR22Rv-1 cells that were serum
starved for 24 h followed by 100
ng/ml EGF treatment for 5 min. This
data is representative of three inde-
pendent experiments. (B) Quantita-
tion of ubiquitinated EGFR (Fig. 3A).
Data shown represents mean = SD.
(©) Immunoprecipitation with anti-
EGFR antibody and immunoblotting
with anti-HA antibody of lysates from
CWR22Rv-1 cells that is transfected
with respective plasmid and serum
starved for 24 h followed by EGF 100
ng/ml treatment for 5 min. This ex-
periment was done for three inde-
pendent times. (D) Quantitation of
ubiquitinated EGFR (Fig. 3C). Data
shown represents mean = SD. (E)
Immunoprecipitation with anti-EGFR
antibody and immunoblotting with
anti-HA antibody of lysates from PC3
cells that are transfected with respec-
tive plasmid and serum starved for 24
h followed by EGF 100 ng/ml treat-
ment for 5 min. Data represents three
" independent experiments. (F) Quanti-
tation of ubiquitinated EGFR (Fig.
3E). Data shown represents mean *
SD. (G) Immunoprecipitation with
anti-EGFR antibody and immunoblot-
ting with anti-HA antibody of lysates
from CWR22Rv-1 cells that is trans-
fected with EGFR-GFP, Ub-HA, c-Cbl-
HA and Ring domain deleted c-Cbl-
HA that were serum starved for 24 h
followed by EGF 100 ng/ml treat-
ment for 5 min. (H) Quantitation
Ubiquitinated EGFR (Fig. 3G). Data
shown represents mean + SD. All p
values were determined with un-
paired Student’s t test: *p < 0.05, **p
<0.001 and ***p < 0.0001.
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Fig. 4. 8-Catenin and c-Cbl compete for EGFR binding. (A) Immunoprecipitation with anti-EGFR antibody followed by immunoblotting
with anti- 8-catenin antibody and anti-c-Cbl antibody of lysate obtained from transfection of respective plasmid in CWR22Rv-1 cells that
were serum starved followed by 2 min 100 ng/ml EGF treatment. This experiment was performed three independent times (B)
CWR22Rv-1 cells were transfected with EGFR-GFP, c-Cbl, and 8-catenin (one, two, and three times) and serum starved 24 h followed
by 100 ng/ml EGF treatment for 2 min. Lysates were immunoprecipitated with an anti-EGFR antibody followed by immunoblotting with
anti-c-Cbl and anti-EGFR antibodies. The data represents three independent experiments. (C) Quantitation of the data shown in Fig. 4B.
Data shown represents mean * SD. All p values were determined with unpaired Student’s t test: *p < 0.05, **p < 0.001 and ***p <

0.0001.

&-Catenin decreases the direct binding between c-Cbl and
EGFR

Several studies have shown that c-Cbl can bind to EGFR
either directly to the phosphorylated Tyr1045 residue or indi-
rectly via Grb2 (Grovdal et al., 2004). In our study, we inves-
tigated whether &-catenin can affect direct or indirect bind-
ing of c-Cbl to EGFR. We found that 8-catenin had no effect
on binding between the EGFR Y1045F mutant and c-Cbl
(Fig. 5A), which suggests that 8-catenin decreases the direct
binding between c-Cbl and EGFR at phosphorylated Tyr1045.
However, it has no effect on the indirect binding of ¢-Cbl to
EGFR via Grb2.

DISCUSSION

d-Catenin increased the stability of EGFR in prostate cancer
cell lines (He et al., 2016). The mechanism behind the en-

326 Mol. Cells 2018; 41(4): 320-330

hanced EGFR stability in the presence of 8-catenin was not
found out in the previous study. This study shows that &-
catenin competes with ¢-Cbl for EGFR binding and decreas-
es the ubiquitination of EGFR mediated by c-Cbl. We noted
the downregulation of c-Cbl-mediated EGFR ubiquitination-
reduces EGFR lysosomal degradation and enhanced stability
of EGFR in the plasma membrane.

EGFR controls a variety of biological processes, including
cellular proliferation, differentiation, survival, and migration
and has a vital role in physiological and pathological pro-
cesses (Normanno et al., 2006). Thus, it is important to in-
vestigate the regulation of EGFR stability in tumor cells.
Studies have shown that EGFR is upregulated by Fbw?7
(Rocher-Ros et al., 2010) and hypoxic conditions (Franovic et
al., 2007). However, it is downregulated by c-Cbl (Grgvdal et
al., 2004; Levkowitz et al., 1998; 1999; Yokouchi et al.,
1999), clathrin-dependent endocytosis (Huang et al, 2004),
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Fig. 5. 8-Catenin decreases the direct binding between c-Cbl and EGFR. (A) Immunoprecipitation with anti-HA antibody followed by im-
munoblotting with anti- GFP antibody of lysate obtained from transfection of respective plasmid in CWR22Rv-1 cells that were serum
starved followed by 5 min 100ng/ml EGF treatment. This experiment was performed three independent times (B) Quantitation of EGFR
and EGFR Y1045 band intensity (Fig. 5A). Data shown represents mean + SD. All p values were determined with unpaired Student’s t

test: *p < 0.05, **p <0.001 and ***p < 0.0001.

presenilin-1 (Repetto et al., 2007), and caspase-3 (He et al.,
2006; Zhuang et al, 2003). Among these regulators of
EGFR, c-Cbl is thought to be one of the most important
regulator. During ligand-mediated EGFR activation, c-Cbl is
phosphorylated and translocates to the cell membrane,
where it binds to the activated form of EGFR and mediates
EGFR ubiquitination and degradation (de Melker et al.,
2001; Joazeiro et al., 1999; Levkowitz et al., 1998; Yokouchi
et al, 1999). It is further known that 6-catenin enhances
EGFR stability in prostate cancer cells (He et al., 2016). To
rule out the possible role of &-catenin in enhanced EGFR
stability via its direct effects on c-Cbl, we first investigated
the effect of 8-catenin on the stability of c-Cbl. We observed
no changes in c-Cbl protein levels in the presence of &-
catenin. Studies have shown that c¢-Cbl mediated EGFR
ubiquitination is necessary for its degradation (Grovdal et al.,
2004; Levkowitz et al., 1998; 1999; Longva et al., 2002;
Yokouchi et al., 1999). EGFR is ubiquitinated by c-Cbl in
order to progress from early to late endosomes (Ravid et al.,
2004). Also c-Cbl remains associated with EGFR throughout
the endocytic process (de Melker et al., 2001). Therefore, we
next investigated the effect of 8-catenin on EGFR ubiquitina-
tion by c-Cbl. Interestingly, our biotinylation data showed
that &-catenin increased membranous EGFR protein levels,
despite c-Cbl mediated ubiquitination of EGFR (Fig. 2). This
finding further suggests that 8-catenin may affect the ubig-
uitination and degradation of EGFR and thus enhance EGFR
stability. As expected, our immunoprecipitation data
demonstrated a decrease in ubiquitination of EGFR by &-
catenin in a dose-dependent manner. We also found that
binding between EGFR and c-Cbl is decreased in the pres-
ence of &-catenin. Furthermore, we investigated the effect of
d-catenin on ubiquitination of EGFR in the presence of RING
domain deleted c-Cbl. We observed that RING domain de-
leted c-Cbl did not induce EGFR ubiquitination. Moreover, &
catenin had no effect on the ubiquitination of EGFR in the

presence of RING domain deleted c-Cbl. This data further
suggests that 8-catenin decreases the ubiquitination of EGFR
mediated by the RING domain of c-Cbl. Our present data
identifies the underlying mechanism by which &-catenin in-
creases EGFR stability and it's downstream signaling and
thus promotes tumorigenesis in prostate cancer cells. This
data uncovers one of the key mechanisms by which &-
catenin controls EGFR signaling.

Previously, we demonstrated that 8-catenin interacts with
EGFR and this interaction is decreased in the presence of
EGF (He et al., 2016). On the other hand, it has been re-
ported that c-Cbl interacts with EGFR either directly through
phosphorylated Tyr1045, or indirectly through Grb2 (Grevdal
etal., 2004). Thus, we hypothesized that 8-catenin competes
with ¢-Cbl for EGFR binding. As expected, we observed that
in the presence of EGF &-catenin reduced the binding be-
tween EGFR and c¢-Cbl, which in turn led to a decreased
ubiquitination and lysosomal degradation of EGFR. However,
d-catenin did not affect the binding between c-Cbl and the
EGFR Y1045F mutant, suggesting that indirect binding of c-
Cbl to EGFR via Grb2 is not affected by é-catenin. Thus, we
concluded that &-catenin may interfere with direct binding
between c-Cbl and EGFR phosphorylated at Tyr1045. On the
other hand, we also found that binding between &-catenin
and EGFR was reduced by c-Cbl in the presence of EGF.
However, the binding between EGFR and 8-catenin was not
affected by c-Cbl in the absence of EGF, indicating that c-Cbl
binding to EGFR in the presence of EGF decreases the bind-
ing between EGFR and é-catenin. There are two reasonable
explanations for this phenomenon: first, c-Cbl and 8-catenin
may compete with each other for EGFR binding and thus
reduce each other’s binding to EGFR. Second, in the pres-
ence of EGF, c-Cbl ubiquitinates EGFR and thus facilitates
EGFR endocytosis, thereby decreasing the binding between
EGFR and é-catenin. He et al. also previously demonstrated
that EGF treatment facilitated endocytosis of EGFR, but did
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not affect the localization of 8-catenin, which resulted in a
reduction of binding between 8-catenin and EGFR.

Upon ligand binding, EGFR is activated, which in turn
leads to the induction of different signaling cascades.
Among these, the EGFR/Erk1/2 signaling pathway is the
most important signaling cascade which plays a pivotal role
in governing cellular proliferation, survival, and metastasis
(Herbst, 2004; Hynes and Lane, 2005; Yarden and Sliwkow-
ski, 2001). Overexpression of EGFR upregulates the EGFR/
Erk1/2 signaling pathway, leading to the development of
many diseases, including cancer. In this study, we found that
d-catenin enhanced membranous EGFR stability, resulted in
increased EGFR/Erk1/2.

A proposed model illustrating how &-catenin enhances
membranous EGFR stability is shown in Fig. 6. On EGF bind-
ing, EGFR undergoes dimerization and autophosphorylation
at different tyrosine residues (Prenzel et al., 2001, Scaltriti
and Baselga, 2006; Tomas et al., 2014). Then, the c-Cbl
binds to EGFR and facilitates EGFR ubiquitination and lyso-
somal degradation (Grgvdal et al., 2004; Levkowitz et al.,
1999; Yokouchi et al., 1999). On the other hand, 8-catenin,
which is bound to juxta membranous region of E-cadherin
(Kim et al., 2012), competes with ¢-Cbl for EGFR binding.
This decreases the binding between c-Cbl and EGFR and
inhibits EGFR ubiquitination, endocytosis, and lysosomal
sorting. This in turn stabilizes EGFR and EGFR downstream
signaling pathway. In this case, 8-catenin acts as a positive
regulator for EGFR signaling.

In conclusion, &-catenin has a pivotal role in controlling
membranous EGFR stability and its downstream signaling.
Thus, our study demonstrates a novel mechanism by which
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d-catenin controls EGFR signaling in prostate cancer cells.
However, these findings were obtained mainly through the
biochemical analysis of cultured cell lines. The physiological
relevance of 8-catenin-mediated increase in EGFR signaling
in different physiological or pathological conditions remains
to be proven, in order to investigate its clinical potential use-
fulness as a therapeutic target for cancer in the future.

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org).
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