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Accepted for publication

May 9, 2018. The proto-oncogene B-catenin drives colorectal cancer (CRC) tumorigenesis. Casitas B-lineage lymphoma

(c-Cbl) inhibits CRC tumor growth through targeting nuclear B-catenin by a poorly understood mechanism.
In addition, the role of c-Cbl in human CRC remains largely underexplored. Using a novel quantitative
histopathologic technique, we demonstrate that patients with high c-Cbl—expressing tumors had signifi-
cantly better median survival (3.7 years) compared with low c-Cbl—expressing tumors (1.8 years;
P = 0.0026) and were more than twice as likely to be alive at 3 years compared with low c-Cbl tumors
Center, X-530, Boston, (P = 0.0171). Our data further demonstrate that c-Cbl regulation of nuclear B-catenin requires phos-
MA 02118. E-mail: vichital @ phorylation of c-Cbl Tyr371 because its mutation compromises its ability to target B-catenin. The tyrosine
bu.edu. 371 (Y371H) mutant interacted with but failed to ubiquitinate nuclear B-catenin. The nuclear localization of
the c-Cbl—Y371H mutant contributed to its dominant negative effect on nuclear B-catenin. The biological
importance of c-Chl—Y371H was demonstrated in various systems, including a transgenic Wnt-8 zebrafish
model. c-Cbl—Y371H mutant showed augmented Wnt/B-catenin signaling, increased Wnt target genes,
angiogenesis, and CRC tumor growth. This study demonstrates a strong link between c-Cbl and overall
survival of patients with CRC and provides new insights into a possible role of Tyr371 phosphorylation in
Wnt/B-catenin regulation, which has important implications in tumor growth and angiogenesis in CRC.
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mediated by nuclear B-catenin (transcriptionally active or
mutant) in most patients with sporadic CRC.”® Emerging data
indicate casitas B-lineage lymphoma (c-Cbl) as a suppressor
of Wnt signaling and CRC tumor growth.” c-Cbl is a direct
interactor and a ubiquitin E3 ligase for transcriptionally active
and mutant B-catenin in the nucleus of CRC cells.*’ By tar-
geting B-catenin, c-Cbl inhibits CRC tumor growth both
in vitro and in animal xenograft models.” Furthermore, ¢-Cbl
levels in tumors negatively correlate with the levels of nuclear
B-catenin in a cohort of patients with metastatic CRC
(mCRC).” Given its role in suppressing CRC tumor
growth,'”'" we posited that c-Cbl levels in CRC tumors could
correlate with the overall survival in patients with CRC.

This study also mechanistically investigates the E3
ubiquitin ligase function of c-Cbl on nuclear B-catenin, an
aspect of c-Cbl’s role that has remained poorly understood.
The ubiquitin E3 ligase function of c-Cbl is tightly regulated
by phosphorylation of Tyr371 residue on c-Cbl. Previous
studies have found that the hypophosphorylated Tyr371
maintains c-Cbl in persistently autoinhibited conforma-
tion,""!" which hinders its ubiquitin ligase activity. Phos-
phorylation of this tyrosine residue is imperative for the
conversion of the negative regulatory conformation to an
active ubiquitin ligase. A homozygous mutation in c-Cbl
c.1111T>C (p.371Y>H) is detected in 5% of patients with
acute myeloid leukemia and myelodysplastic syndromes
and is considered to be oncogenic in nature.'’”'® This
mutation is suggested to lock c-Cbl in autoinhibited state to
compromise its ubiquitin E3 ligase activity. This CBL mu-
tation located in the helical linker was used to demonstrate
the contribution of ¢-Cbl’s ubiquitin ligase activity to Wnt/
B-catenin regulation. Although tumor growth and angio-
genesis were used as biological models, they underscore the
importance of ubiquitin E3 ligase activity of c-Cbl in events
central to CRC tumorigenesis.'*"”

Materials and Methods
Study Design and Participants

In this retrospective, single-center, observational cohort
study, 72 patients with stage IV CRC who had available
tumor tissue samples for analysis and were treated from
January 1, 2004, to December 31, 2014, at the Boston
Medical Center were evaluated. These patients had pre-
sented with stage IV disease or developed stage IV disease
after having been initially diagnosed with and treated for
early-stage CRC. Demographic data, comorbidity scores,
tumor clinical and molecular features, and treatment-related
factors were obtained from the institutional cancer registry
and the electronic medical record. Response to therapy was
categorized based on the standard American Joint Com-
mittee on Cancer criteria.'® This group of patients represent
a major proportion of a previously described patient cohort.’
The study was approved by the Boston Medical Center
Institutional Review Board. Data were collected by medical
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record review; the extracted data were reconfirmed by two
independent clinicians.

Immunohistochemistry and Image Quantification

Unstained, 6-pum, paraffin-embedded sections obtained from the
Department of Pathology, Boston University School of Medi-
cine, were processed and examined as described previously.” A
customized, color-based image segmentation pipeline was
developed to estimate the amounts of c-Cbl expression in
human CRC samples.” Briefly, the pipeline consisted of basic
image preprocessing, color-based segmentation, size-based
morphologic filtering, and valid area computation of selected
subregions within each image. The converted images were
reduced in dimensionality and segmented into three clusters
based on a distance-based clustering algorithm. A size-based
filtering operation identified clusters to eliminate all connected
components that have fewer than the threshold level of pixel
area. The size of the resulting subregion was then estimated by
computing the fraction of the nonzero pixels within the entire
image, resulting in a measure of cytoplasmic c-Cbl content.

For this analysis, quantification of expression was
normalized to the total tumor area in an image and reported
as a value between 0 and 1.00. Patients with normalized
c-Cbl expression values lower than the median were defined
as having low c-Cbl expression, and patients with normal-
ized c-Cbl values equal to or higher than the median were
defined as having high c-Cbl expression.

Zebrafish Model

Adult male and female zebrafish (Danio rerio) fli—enhanced
green fluorescent protein (eGFP)” and heat shock—inducible
Wnt-8—GFP (hs:Wnt-8—eGFP)'” were housed at 14:19-
hour light-dark cycle at 26.5°C and 7.0 to 7.4 pH in a
controlled multitank recirculating water system (Aquaneer-
ing, San Diego, CA). The Boston University School of
Medicine animal welfare committee approved the experi-
mental protocol. For the heat shock experiment, fish
heterozygous for hs:Wnt-8—eGFP were out-crossed to wild-
type (WT) fish. The capped RNA (100 pg) was injected to
one- or two-cell-stage embryos. The embryos at 10 hours
post fertilization (hpf) were treated at 38°C for 20 minutes
and sorted at 24 hpf into nontransgenic and GFP-positive
transgenic siblings, as described previously.'’ The later
embryos were harvested at 36 hpf for Western blotting.

For the angiogenesis assay, fli-eGFP fish were injected as
above, and the images were obtained from 10 randomly
selected fish per group at every experiment under the same
light exposure setting and analyzed for the length of the tail
vessels. The vessels were marked from the junction of the body
and the tail going caudally using Image-Pro (Media Cyber-
netics, Rockville, MD) and averaged per group, as described
previously.”'® The tail vessel plexus was marked and
measured for fluorescent intensity using ImageJ version 1.43t
(NIH, Bethesda, MD; http://imagej.nih.gov/ij).
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Figure 1  c-Cbl correlates with the survival of
metastatic colorectal cancer (mCRC) in humans. A:
Four representative images of CRC tumor explants
from 72 patients with stage IV CRC stained with c-
Cbl antibody. The c-Cbl expression varies from low
(left panel) to high (right panel). B: c-Chl
expression was estimated using color-based image
segmentation pipeline. Two stages, including RGB
color image conversion to L*a*b space followed by
segmentation of the color image into three sub-
regions using a clustering algorithm, are shown.
C: The c-Cbl expression was divided into high and
low expression based on the median normalized
c-Cbl expression. The survival of patients with CRC
was examined using Kaplan-Meier analysis based
on c-Cbl expression. The survival curve for both
these groups is shown. The plus sign refers to
censored records. Original magnification, <20 (A
and B).

Survival time (years)

Plasmids and Other Methods

Two hemagglutinin (HA)—tagged c-Cbl plasmids point
mutation of Tyr371H to histidine (c-Cbl—Y371H) and
deletion of Tyr371 (del371H) in pcDNA were obtained
from Dr. Martin Settler (Dana Farber Cancer Institute,
Boston, MA). Detailed methods of Western blotting, cell
culture, antibodies, in vitro angiogenesis assay, ubiquitina-
tion assay, vascular endothelial growth factor (VEGF)
enzyme-linked immunosorbent assay, and spheroid forma-
tion assay are described elsewhere.”

RT-PCR

The RNeasy minikit (Qiagen, Hilden, Germany) was used to
extract total RNA from HT-29 cells that expressed various
constructs, as described previously.” A total of 0.5 ug of
total RNA were converted to cDNA using a Sensiscript
reverse transcription kit (Qiagen) followed by RT-PCR
using prevalidated human AXIN2, MYC, and VEGF
primers and SYBRgreen (Applied Biosystems, Foster City,
CA). GAPDH served as a loading control. Levels of mRNA
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were determined using comparative Ct method. The primers
used were as follows as described previously.'” '

AXIN2 forward primer, 5'-TTATGCTTTGCACTACG-
TCCCTCCA-3'; AXIN2 reverse primer, 5'-CGCAACATGG-
TCAACCCTCAGAC-3'; MYC forward primer, 5'-TCAA-
GAGGTGCCACGTCTCC-3'; Myc reverse primer, 5'-TCTT-
GGCAGCAGGATAGTCCTT-3'; VEGF forward primer,
5'-GCCTTGCCTTGCTGCTCTAC-3'; VEGF reverse primer,
5'-ATGATTCTGCCCTCCTCCTTC-3'; glyceraldehyde-3-
phosphate dehydrogenase forward primer, 5'-CCATGTTCGT-
CATGGGTGTG-3'; glyceraldehyde-3-phosphate dehydrogenase
reverse primer, 5'-GGTGCTAAGCAGTTGGTGGTG-3'.

Statistical Analysis

Statistical analysis was performed using SPSS for Windows
version 10.0 (SPSS Inc., Chicago, IL). Summary statistics
are presented as means, medians, and SDs. Either a 7-test or
Mann-Whitney U-test was performed to compare the groups
as appropriate. Differences in various clinicopathologic
features were analyzed using the unpaired #-test and Fisher
exact test. Kaplan-Meier analysis was performed to examine
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Table 1  Baseline Characteristics of Patients with Metastatic Colorectal Cancer in the High c-Cbl and Low c-Cbl Groups

Characteristic High c-Cbl (n = 38) Low c-Cbl (n = 34) P value
Mean age, years 61.03 57.74 0.30
Sex, %

Male 44.74 58.82 0.23

Female 55.26 41.18
Ethnicity, %

White 39.47 32.35 0.53

Black 31.58 35.29 0.74

Hispanic 18.42 23.53 0.59

Other 10.53 8.82 0.81
Mean Charlson Comorbidity Index 7.00 6.90 0.86
Primary site, %

Left-sided 60.53 52.94 0.52

Right-sided 39.47 47.06 0.52
Histologic subtype, %

Adenocarcinoma 86.84 73.53 0.15
Stage IV at presentation 71.05 85.29 0.15
Mean organs involved, n 1.53 1.76 0.14
Molecular features, %

KRAS mutant 37.93 24.00 0.27

BRAF mutant 71.14 0.00 0.33

Microsatellite unstable 0.00 11.76 0.16
Mean pretreatment carcinoembryonic antigen level 317.10 139.20 0.55

c-Cbl, Casitas B-lineage lymphoma.

overall patient survival, which was calculated from the date
of diagnosis to the date of death or date of last clinical visit.
Median values of c-Cbl were used to divide the groups for
survival analysis. Death was confirmed by review of the
medical record. P < 0.05 was considered significant.

Results

c-Cbl Expression Correlates with the Overall Survival of
Patients with mCRC

With the objective of analyzing the association between
c-Cbl expression and CRC survival, the expression of

c-Cbl was first examined by immunohistochemistry in a
cohort of 72 patients with mCRC. The expression of c-Cbl
widely varied in different patients (Figure 1A), which was
quantitated using a color-based image segmentation pipe-
line,” and this expression was normalized to the area of
total tumor tissue on a slide (Figure 1B). Mean normalized
c-Cbl expression in this set of tumor tissues was 0.740.
With the thresholding based on the computed median value
in 72 patients, 38 patients (52.78%) were found to have
high c-Cbl expressing tumors, and 34 patients (47.22%)
had low c-Cbl—expressing tumors. Of this cohort, Kaplan-
Meier survival analysis was performed in 50 patients with
survival data for the association between c-Cbl and overall

Table 2  Treatment Received by Patients with Metastatic Colorectal Cancer in the High c-Cbl and Low c-Cbl Groups

Treatment High c-Cbl (n = 38) Low c-Cbl (n = 34) P value
Received surgery, % 86.84 67.65 0.05
Received chemotherapy, % 81.58 70.59 0.27
First-line chemotherapy, %
Chemotherapy regimen received
FOLFOX/CAPEOX, % 80.65 83.33 0.80
FOLFIRI/CAPEIRI, % 3.23 12.50 0.19
Biologics received
Bevacizumab 54.84 70.83 0.23
EGFR inhibitor 12.90 0.00 0.07
Mean cycles received, n 7.39 7.58 0.87
Response to first-line chemotherapy, AU
ORR 51.61 54.17 0.85
PR 45.16 33.33 0.37
CR 6.45 20.83 0.11

AU, arbitrary units; CAPEIRI, capecitabine, irinotecan; CAPEOX, capecitabine, oxaliplatin; c-Chl, Casitas B-lineage lymphoma; CR, complete response;
FOLFIRI, 5-fluorouracil, leucovorin, irinotecan; FOLFOX, 5-fluorouracil, leucovorin, oxaliplatin; ORR, overall response rate; PR, partial response.
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survival in patients. Patients with high c-Cbl—expressing
tumors had significantly better median overall survival
compared with those with low c-Cbl—expressing tumors
(3.7 versus 1.8 years; P = 0.003) (Figure 1C). Patients
with high c-Cbl were more than twice as likely to be alive
at 3 years compared with those with low c-Cbl; 3-year
survival was 47.37% for high c-Cbl and 20.59% for low

c-Cbl (P = 0.017). These differences were observed
despite similar baseline, tumor-related characteristics
(Table 1) between patients with low and high c-
Cbl—expressing tumors. No significant differences were
found in an overall response rate to therapy (51.61% in the
high c-Cbl group compared with 54.17% in the low c-Cbl
group, P = 0.85) (Table 2).
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Several studies found an association of race on CRC
survival.”>** Our recent work showed that black patients
with mCRC at Boston Medical Center had a significantly
lower survival compared with white patients.”” Therefore,
we examined whether the association of c-Cbl expression
and survival differed according to race. Among black
patients with mCRC, those with low and high c-Cbl
expression (divided based on median normalized c-Cbl
expression) had a median overall survival of 2.1 and 3.8
years, respectively (P = 0.0284). Although a similar trend
was noted in white patients, this difference fell short of
reaching statistical significance (P = 0.0558). These data
indicate that c-Cbl expression exerts its effect on CRC
survival in different races but statistically more in black
patients with to white patients with mCRC.

c-Cbl Tyr371 Mutation Up-Requlates Nuclear B-Catenin

Having observed a correlation of c-Cbl levels with human CRC
survival, the role of c-Cbl in CRC pathogenesis was further
investigated. Wnt/B-catenin is an important mediator of CRC
tumorigenesis,” and c-Cbl is a ubiquitin E3 ligase of B-
catenin®’ with a poorly understood mechanism. A naturally
occurring ubiquitin ligase—deficient oncogenic c-Cbl—Y371H
mutant, which is known to drive other cancers, was used.'® 12,24
The effect of c-Cbl—Y371H was first examined in an in vitro
tumor formation (spheroids) assay in CRC cell lines. Two
different CRC cell lines, HT-29 and HCT-116, that expressed c-
Cbl WT or c-Cbl—Y371H were grown in low adhesion plates.
Compared with c-Cbl WT, significantly more spheroids were
observed in c-Cbl—Y371H that expressed HT-29 (P = 0.001)
and HCT-116 cell lines (P = 0.04), whereas WT c-Cbl
significantly reduced spheroids in these cell lines (P = 0.02 for
HT-29 and P = 0.003 for HCT-116) (Figure 2, A—D). Next,
the effect of c-Cbl WT and Y371H mutants was examined on
three prevalidated Wnt target genes in CRC: AXIN2, MYC, and
VEGF."”?" Although a significant suppression of Wnt target
genes was observed with c-Cbl WT, c-Cbl—Y371H up-
regulated all of them, with the most pronounced effect on
AXIN?2 (Figure 2E). These data suggest that unlike WT c-Cbl,
¢-Cbl—Y371H induces Wnt target genes and augments in vitro
growth of CRC cells.

Because c-Cbl suppresses CRC tumor growth by down-
regulating B-catenin,” we posited that c-Cbl—Y371H mutation
may regulate nuclear B-catenin in a manner different compared
with WT c¢-Cbl. The levels of B-catenin were examined in
HT-29—expressing WT c¢-Cbl and c-Cbl—Y371H or c-
Cbl—delY371. Although a significant down-regulation of
B-catenin was observed in the whole cell lysate with the WT
¢-Cbl (60% to 70%, P < 0.001), both the c-Cbl—Y371H (70%
increase, P < 0.0001) and delY371 (34% increase, P < 0.006)
mutants had a significant increase in 3-catenin (Figure 2, F and
G). Cell fractionation experiments further showed a more
pronounced effect of c-Cbl—Y371H in the nuclear fraction of
B-catenin. WT c-Cbl reduced B-catenin by 70% to 80% in both
the fractions in the HT-29 and HCT-116 cell lines (Figure 2, H
and I). On the other hand, c-Cbl—Y371H increased nuclear
B-catenin threefold higher compared with cytosolic f-
catenin (P = 0.008). c-Cbl targets its substrate to ubiquiti-
nation followed by proteasomal degradation. To examine the
ubiquitination of nuclear B-catenin, we treated the cells with
MG132, a proteasomal inhibitor, and the immunoprecipitated
nuclear B-catenin was searched for ubiquitin.**’ The results
showed that WT c-Cbl increased the nuclear
B-catenin ubiquitination by 35% to 40% (P = 0.04), whereas
c-Cbl—Y371H reduced B-catenin ubiquitination by 63% to
75% (P < 0.001) compared with the control (Figure 2J).

c-Cbl—Y371H Shows Higher Homodimerization and
Binding to B-Catenin

Because HT-29 cells express endogenous c-Cbl,’ an in-
crease in nuclear B-catenin by c-Cbl—Y371H suggests its
dominant negative effect. The nuclear regulation of B-cat-
enin was further examined to determine whether this
dominant negative effect is mediated through binding of c-
Cbl—Y371H to B-catenin. Indeed, c-Cbl—Y371H interacted
with endogenous P-catenin (Figure 3A). Although the
interaction of ¢-Cbl—Y371H with B-catenin seemed higher
compared with the WT c-Cbl, this comparison is
confounded by the reduced nuclear B-catenin levels by WT
c-Cbl’ (Figure 3A). To avoid this confounding effect, we
compared the interaction of nuclear B-catenin and Y371H
with another E3 ligase—deficient c-Cbl—70Z mutant

Figure 2

Casitas B-lineage lymphoma (c-Cbl)—Y371H serves as a dominant negative for B-catenin. A: HT-29 colorectal cancer cell lines expressing control

(Ctr), c-Cbl, or c-Cbl—Y371H constructs were suspended in ultralow adhesion plates and imaged after 72 hours. B: Mean number of spheroids in each group. C:
Random images taken per well after 72 hours of HCT-116 colorectal cancer cell lines that express different constructs. D: Mean number of spheroids in each
group. E: HT-29 cells were investigated for the Wnt target genes using quantitative RT-PCR reactions for AXIN2, MYC, and vascular endothelial growth factor
(VEGF). The Cy values were generated. F: HT-29 cells expressing different c-Cbl constructs, including c-Cbl wild-type (WT) and c-Cbl—Y371H or c-Cbl deletion
371 (del371), were lyzed and investigated as shown. Equal amounts of whole cell lysate were investigated with antihemagglutinin antibody. The numbers
below the Western blot images represent the amount of B-catenin protein normalized to the loading control, which was measured using ImageJ version 1.43t.
G: Mean normalized B-catenin protein levels. H: HT-29 and HCT-116 cells that expressed c-Cbl WT and c-Cbl—Y371H (Y371H) mutants were subjected to
fractionation. Tubulin and fibrillarin served as markers of cytosol and nuclear fractions, respectively. I: Mean normalized B-catenin to the loading control of the
respective subcellular fraction. J: HT-29 cells that expressed c-Cbl constructs were treated with 10 umol/L of MG132 for 16 hours before fractionation. The
nuclear fractions were immunoprecipitated using anti—B-catenin antibody and probed using antiubiquitin antibody. The stripped blot was reexamined for
B-catenin and 5% of cell lysate was examined separately using antihemagglutininantibody. Data are expressed as means + SEM (B, D, and F) and means =+ SD
(G and I). n = 3 (A, 3 experiments performed in triplicate); n = 3 (E, 3 independent experiments performed in duplicate); n = 3 (F=I); n = 4 (J).
*P < 0.05, **P < 0.01, and ***P < 0.001 versus control (¢-test). Original magnification, x40 (A and C). IP, immunoprecipitation; WB, Western blot.
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localization. A: HT-29 cells expressing c-Cbl wild-type (WT) and c-Cbl—Y371H (Y371H) were lyzed and immunoprecipitated (IP) using anti—pB-catenin antibody
and investigated with hemagglutinin (HA)—tagged antibody. The stripped blot was reinvestigated using anti-HA—tagged antibody. Five percentage of the
lysates were probed for HA-tagged c-Cbl as input. B: HT-29 cells transfected with Myc-tagged c-Cbl—70Z and Y371H underwent IP using Myc-tagged antibody,
and the eluents were examined for B-catenin. Five percentage of lysates were examined as inputs. C: HT-29 cells that expressed c-Cbl or c-Cbl—Y371H were
fractionated, each fraction underwent IP using anti—HA-tagged antibody, and eluents were investigated using anti—B-catenin antibody and vice versa. Five
percentage of the lysates were probed as inputs. D: HT-29 cells co-expressing the FLAG-tagged WT c-Cbl and HA-tagged c-Cbl WT or HA-tagged c-Cbl—Y371H
were serum starved and treated with 50 ng/mL of Wnt-3a ligand for 3 hours. The whole cell lysates that underwent IP using anti—FLAG antibody were
investigated using anti-HA antibody. The blot was stripped and reinvestigated with anti-FLAG antibody. Five percentage of the lysate was probed as an input.
E: HT-29 cells that expressed c-Cbl WT and c-Cbl—Y371H were serum starved overnight and then stimulated with 50 ng/mL of Wnt-3a. The lysates underwent IP
with anti-HA antibody and were investigated with Tyr731 antibody. The blot was stripped and reinvestigated with anti-HA antibody. F: HT-29 cells that
expressed different c-Cbl constructs were fractionated. The fractions were probed using HA-tagged and tubulin antibodies, where tubulin served as a marker of
cytosolic fraction. Equal amounts of lysates were investigated for fibrillarin, which served as a marker of nuclear fraction. B-catenin levels in both the fractions
were normalized to their respective markers. n = 3 (A, C, and D—F); n = 2 (B). Veh, vehicle; WB, Western blot.

(Figure 3B). The interaction of nuclear -catenin with these
mutants of c-Cbl was comparable. In line with a greater
increase in nuclear B-catenin (Figure 2, H and I), the binding
of c-Cbl—Y371H with nuclear B-catenin was twofold higher
compared with cytosolic PB-catenin (P = 0.008)
(Figure 3C). Collectively, all the above findings supported a
dominant negative role of c-Cbl—Y371H because it inter-
acted with B-catenin but failed to degrade it.

c-Cbl dimerization enhances binding to B-catenin, both of
which are further increased with Wnt activation.” Because
the above data supported a dominant negative effect of c-
Cbl—Y371H in CRC cells in the presence of WT c-Cbl,” the
dimerization of c-Cbl—Y371H with WT c-Cbl was exam-
ined using various tagged constructs of c-Cbl under
different states of Wnt activation. In vehicle-treated condi-
tion, HA-tagged c-Cbl—Y371H exhibited close to twofold
higher dimerization with FLAG-tagged WT c-Cbl compared
with HA-tagged WT c-Cbl (P = 0.001). The dimerization
of WT ¢-Cbl and c-Cbl—Y371H was further augmented by
40% with Wnt signaling (Figure 3D).

Our previous work showed that Wnt activation enhances
c-Cbl dimerization through phosphorylation of Tyr731 on
c-Cbl.” Therefore, the status of Tyr731 was compared on
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WT c-Cbl and c-Cbl—Y371H in different states of Wnt
activity. In vehicle-treated cells, close to twofold higher
levels of phosphorylation of Tyr731 was observed in
c-Cbl—Y371H compared with WT c-Cbl, which was further
augmented with Wnt activation (Figure 3E). These data
suggest a higher phosphorylation of Tyr731 in the
c-Cbl—Y371H mutant. Because both dimerization and
Tyr731 phosphorylation regulate c-Cbl nuclear trans-
location,g a higher amount of c-Cbl—Y371H was antici-
pated in the nuclear fraction compared with WT c-Cbl.
Indeed, compared with WT c-Cbl, an almost 2.5-fold higher
amount of c-Cbl—Y371H was found in the nuclei of CRC
cells (P = 0.032) (Figure 3F). These data suggest that
c-Cbl—Y371H exhibits higher dimerization and nuclear
localization, which explains its higher binding and dominant
negative effect on nuclear B-catenin.

c-Cbl—Y371H Enhances Wnt Activity

Because ¢c-Cbl—Y371H increases nuclear PB-catenin, it is
likely to also induce Wnt activity. Indeed, in cells that ex-
press a [-catenin—responsive promoter tethered to the
luciferase reporter, a significant increase in Wnt activity was
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noted in the presence of c-Cbl—Y371H (P < 0.001),
whereas c-Cbl WT suppressed Wnt activity (P = 0.02)
(Figure 4A). The role of c-Cbl—Y371H in the Wnt active
state was further confirmed using a transgenic zebrafish
model (hs:Wnt8-GFP), which harbors WNTS8 under a heat
shock promoter. Induction of the Wnt-8 ligand with heat
shock is a validated model of Wnt signaling activation.”®*’
As previously described, the heat shock of these embryos
resulted in a distinct GFP signal in the neuroectoderm and a
range of phenotypes, including small eyes, loss of eyes, and
reduction or curling up of the trunk and tail, which were all
suggestive of dorsalized embryos that had hallmarks of Wnt
activation (Figure 4B)."” This finding was accompanied by
close to a 80% to 90% increase in B-catenin expression
(Figure 4C). These heat shocked embryos injected with
different c-Cbl constructs were analyzed for levels of B-
catenin. WT c-Cbl reduced zebrafish B-catenin by 70% to
80%, whereas c-Cbl—Y371H up-regulated zebrafish (-
catenin by 60% to 73% (P = 0.04) (Figure 4D). These
results corroborate with the dominant negative role of c-
Cbl—Y371H observed in an in vitro cell culture model.

c-Cbl—Y371H Enhances Angiogenesis in a Wnt/f3-
Catenin Manner

Angiogenesis is important in CRC growth, progression, and
metastasis, and antiangiogenic agents constitute the standard
of care for the management of patients with CRC."*'> Wnt/
B-catenin signaling regulates angiogenesis through different
mechanisms, including target genes such as VEGF.*??%%°
Therefore, the effect of c-Cbl—Y371H was further exam-
ined in angiogenesis models and [-catenin mediation
explored. To this end, we examined the levels of VEGF in
media of human umbilical vein endothelial cells expressing
c-Cbl—Y371H mutant, and its dependence on B-catenin was
evaluated using pB-catenin siRNAoligos, as previously
described (Figure 4E).8 The data indicate that the
c-Cbl—Y371H mutant increased VEGF levels in media by
threefold (P = 0.003), which was substantially suppressed
close to baseline with B-catenin silencing (P = 0.01). In
line with the VEGF levels, an in vitro angiogenesis assay
showed that the c-Cbl—Y371H increased the tube length by
80% (P = 0.003), which was reduced to baseline with
B-catenin silencing (Figure 4, F and G). This effect was
further confirmed in a transgenic zebrafish, Fli-eGFP, which
is a genetically engineered zebrafish expressing eGFP in
endothelial cells and has been used as a tool to examine the
function of ¢-Cbl in vivo.”'® In this model, the number and
the length of tail vessels and caudal vessel plexus serve as
biological read-outs. Zebrafish injected with c-Cbl—Y371H
had a significant (60%) increase in the length (P = 0.001)
and 40% increase in caudal vessel plexus (P = 0.03)
compared with the control (Figure 4, H—J and Table 3). All
these findings indicate that c-Cbl—Y371H mutant enhances
the angiogenesis in a P-catenin—dependent manner and
support the Wnt inducer activity of c-Cbl—Y371H.
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Discussion

Consistent with the role of c-Cbl as a negative regulator of
Wnt/B-catenin signaling and CRC tumor growth, this study
demonstrates that higher c-Cbl expression in CRC tumors
correlates with a better overall survival of patients with
mCRC. Using different model systems, we also found the
importance of the ubiquitin E3 ligase function of c-Cbl in
regulating several crucial aspects of CRC, such as Wnt/B-
catenin activity and CRC tumor growth and angiogenesis
using a naturally occurring ubiquitin ligase—deficient and an
oncogenic mutant of c-Cbl (c-Cbl—Y371H).'> 132430
Although the c-Cbl—Y371H mutant interacted with (-
catenin and exhibited the molecular features that enhanced
the mutant’s nuclear localization, it did not result in an
increased degradation of nuclear B-catenin, a finding with
implications in CRC tumorigenesis.

c-Cbl is a ubiquitin E3 ligase for several receptor tyrosine
kinases, such as c-Met and epidermal growth factor receptor
(EGFR), and nonreceptor protein tyrosine kinases, including
Src family kinases,”'*> which are known contributors to
CRC pathogenesis.™ *° The significant correlation of c-Cbl
levels in tumors with overall survival of the patients with
mCRC is likely to be contributed to the key role of c-Cbl in
down-regulating mutant and active nuclear -catenin as well
as several other oncoproteins (such as tyrosine kinases)
important in CRC.* ™ The current study demonstrates an
intriguing difference in the association of c-Cbl expression
and mCRC survival in various racial groups. Black patients
had a significantly different overall survival between low
and high c-Cbl—expressing tumors; however, this difference
did not reach statistical significance in white patients.
Although this study was not powered to address the dif-
ferences in such mediators among different races, this
hypothesis-generating observation supports future studies
on sufficiently powered racially diverse larger cohorts to
investigate various pathogenic regulators to explain racial
disparity in CRC survival.

Although both low and high c-Cbl groups were fairly
balanced in regard to baseline characteristics and treatment
received, a larger proportion of patients with high c-Cbl
expression had undergone surgery as part of their treatment
compared with those with low c-Cbl expression. Although
this difference barely approached significance (P = 0.0504)
(Table 1), it would seem unlikely to confound the prominent
survival disparity between the high and low c-Cbl groups
(Figure 1C). Chemotherapy, especially an EGFR inhibitor,
can also potentially confound the results. For example, EGFR
inhibitors can influence the MET receptor activity.’®’ In
gastric cancer, perturbation of MET activity regulated
C—Cbl,3 % which might also be the case in CRC. Thus, treatment
with EGFR inhibitors may change the c-Cbl expression in
CRC. However, this confounding effect is unlikely because
there was no statistical difference in the number of patients
treated with EGFR inhibitors between the two groups
(Table 2). A trend toward lower metastatic disease burden
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was also noted in patients with high c-Cbl (P 0.15)
(Table 1), which may explain why the group of high
c-Cbl—expressing tumors underwent more potentially cura-
tive surgery. Pending validation in larger cohorts, these data
also suggest that the patients with high c-Cbl—expressing
tumors may exhibit less aggressive disease.

Although the c-Cbl—Y371H mutant was used in this
work to demonstrate the importance of the ubiquitin E3
ligase activity of c-Cbl in regulating nuclear B-catenin, the
results of this study have implications in CRC tumorigenesis
even though the presence of a c-Cbl—Y371H mutation in

CRC remains unknown. It is likely that c-Cbl Tyr371 may
be phosphorylated in CRC, considering that several
important tyrosine kinases, such as Src, MET, and EGFR,
are constitutively activated in CRC****~* and can poten-
tially contribute to Tyr371 phosphorylation. The phos-
phorylation of Tyr371 is anticipated to relieve the
autoinhibitory conformation of c¢-Cbl, leading to its activa-
tion.'!" ¢-Cbl Tyr371 phosphorylation and the ensuing
increased ubiquitin E3 ligase activity are anticipated to
down-regulate f-catenin. On the contrary, CRC is charac-
terized by an increase in the expression of B-catenin.”® This
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Table 3  Number of Injected Fli-eGFP Zebrafish
Zebrafish exhibiting angiogenesis
phenotype in total number of
Capped RNA live zebrafish, n (%)
Lacz 54 (3.6)
c-Chl 69 (73)
c-Cbl—Y371H 73 (82)

c-Cbl, Casitas B-lineage lymphoma.

raises the possibility of a hypophosphorylated state of c-Cbl
Tyr371 residue, which will maintain c-Cbl in an auto-
inhibited form and suppress its ubiquitin ligase activity. It is
conceivable that this effect might be mediated through
tyrosine phosphatases because several of them are known to
be up-regulated in CRC.**~*°

Higher dimerization propensity of c-Cbl—Y371H has
potential implications in CRC. It is likely that in a CRC cell
c-Cbl molecules may exhibit different phosphorylation
states of Tyr371 residue. c-Cbl molecules phosphorylated at
Tyr371 are poised to ubiquitinate B-catenin, whereas those
hypophosphorylated at Tyr371 will continue to assume an
autoinhibited structure and will fail to ubiquitinate [-cat-
enin. On dimerization with WT c-Cbl, hypophosphorylated
Tyr371 c-Cbl will serve as a dominant negative for WT
c-Cbl for degrading f-catenin and will augment Wnt
activity in CRC cells.

Although the hs:Wnt8-GFP zebrafish model supports the
physiologic role of the ubiquitin E3 ligase function of c-Cbl
in the Wnt-on phase,® it provides potentially interesting
insight into the role of c-Cbl in the pathogenesis of CRC. Wnt
activity in CRC cells is maintained from within (from APC
and CTNNBI mutations) and outside cells. The agonistic
Whnt-2 and Wnt-5a ligands are elevated in CRC tissue and are
increased during the progression from adenoma to

carcinoma’’ "’ to maintain higher levels of Wnt activity in

colon cancer cells through autocrine and paracrine
signaling.”” In addition, Wnt-2—mediated signaling in fibro-
blasts also occurs to promote CRC progression.”’ All these
observations implicate secreted Wnt ligands by different cell
types in CRC tissue to create feedforward loops to augment
CRC progression. The hs:Wnt8-GFP zebrafish model in-
dicates that mutant c-Cbl at Tyr371 failed to down-regulate -
catenin in cells with active Wnt status induced by a Wnt
ligand. These data suggest that in CRC cells with active Wnt
status from Wnt ligands, hypophosphorylated c-Cbl protein at
Tyr371 will impair the degradation of B-catenin. Collectively,
the models of Wnt activation from outside (hs:Wnt8-GFP
zebrafish) and within cells (HT-29 with inactivating muta-
tion in APC) underscore the phosphorylation status of c-Cbl
Tyr371 as an important determinant of regulation of B-catenin
irrespective of the mode of Wnt activation.

A homozygous CBL mutation at c.1111T>C (p.371Y>H)
was identified as a germline missense mutation in a cohort of
patients with impaired growth, developmental delay, crypt-
orchidism, and a predisposition to juvenile myelomonocytic
leukemia.”* In that study, c-Cbl p.371Y>H induced cytokine-
independent growth of hematopoietic cells and enhanced
phosphorylation of signaling molecules ERK, AKT, and
$6.24° However, this effect was observed in hematopoietic
cells silenced for CBL expression or in the presence of the
deletion of the normal copy of CBL-B, supporting c-Cbl
p.371Y>H as a gain-of-function mutation.”*”” Recent work
from Nadeau et al'* supported the dominant negative mech-
anism of ¢c-Cbl—Y371H. They proposed a model wherein c-
Cbl—Y371H can potentially compete with the remaining copy
of WT CBL or CBL-B for protein tyrosine kinases to hyper-
activate signaling downstream of oncoproteins, including
EGFR.'? Although the Wnt/B-catenin pathway was not spe-
cifically examined in those studies,'>**” the current body of

Figure 4

Casitas B-lineage lymphoma (c-Cbl)—Y371H is a Wnt inducer that up-regulates B-catenin. A: Cell lysates of HT-29 cells co-expressing hemag-

glutinin (HA)—tagged c-Cbl wild-type (WT) or c-Cbl—Y371H and the TCF-responsive promoter reporter pBARLS and nonresponsive control reporter pfuBARLS
tethered to luciferase reporter were analyzed for luciferase assay.?® Activity of the Wnt signaling pathway was quantified by measuring relative firefly luciferase
units normalized to protein concentration. Luciferase activity was noted in the presence of c-Cbl-Y371H, whereas c-Cbl WT suppresses Wnt activity. B: Hs:Wnt-
8—enhanced green fluorescent protein (eGFP) transgenic zebrafish embryos were heat shocked at 38°C for 20 minutes at 10 hours post fertilization (hpf) and
imaged for 24 hpf. C: Ten deyolked control and heat shocked embryos were lyzed at 36 hpf and investigated for B-catenin. Tubulin served as a loading control.
D: Hs:Wnt-8—eGFP transgenic zebrafish embryos were injected with capped mRNA of Myc-tagged c-Cbl and Myc-tagged c-Chl—Y371H at one cell stage and then
heat shocked. Ten deyolked eGFP-positive embryos harvested at 36 hpf were investigated for B-catenin and tubulin. Equal amounts of lysates were investigated
separately with anti-Myc—tagged antibody. E: Primary human umbilical venin endothelial cells (HUVECs) co-transfected with c-Cbl—Y371H construct and
control and B-catenin siRNA (si) oligos were serum starved overnight followed by stimulation with 50 ng/mL of Wnt-3a ligand. The media of endothelial cells
collected after 24 hours of Wnt treatment were analyzed for vascular endothelial growth factor (VEGF) levels. F: HUVECs co-expressing control (CTL) or HA-
tagged c-Cbl— Y371H and control and B-catenin si oligos were serum starved and treated with 50 ng/mL of Wnt-3a. Cells were then seeded in a 96-well plate
coated with Matrigel and analyzed for tube formation within 24 hours. G: The tube lengths were measured in the Matrigel with ImageJ version 1.43t. H: Fli-
eGFP transgenic zebrafish two-cell-stage embryos injected with different mRNA. LacZ-injected embryos served as controls. Representative images from
randomly selected fish from total injected at 24 hpf are shown (Table 3). The dashed white line represents the junction of main body and tail, after which the
tail vessels are measured (white dotted line). The yellow brackets indicate the caudal vessel plexus. I: Mean length of tail vessels of 10 randomly selected
fish from total injected. The images under same light exposure settings were obtained from 10 randomly selected fish per group from total live fish and
analyzed for the length of the tail vessels. The tail vessels were marked from the junction of the body and the tail (white dotted line in H) going caudally
using Image-Pro and averaged per group.®*® J: The images of fish under same light exposure settings were obtained for 10 randomly selected fish per group
from total live fish. The region of interest was marked and analyzed for the intensity of caudal vessel plexus using Imaged. Mean intensity is shown. Data are
expressed as means + SEM (A, E, G, I, and J). n = 3 (A, C, D, F, H=J); n = 62 heat shocked and 80 control embryos (B); n = 2 (G, six images from two
separate experiments performed in triplicate). *P < 0.05, **P < 0.01, and ***P < 0.001 versus control (t-test with Bonferroni correction). Scale bars = 100
um. Original magnification, x5 (B and H).
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work suggests its possible contribution in the pathogenesis of
c-Cbl—Y371H—mediated diseases. Wnt activation may also
explain c-Cbl—mediated phosphorylation of ERK, AKT, and
S6 kinase.”””” The data from the study by Nadeau et al'”
further support the involvement of B-catenin.'” A substantial
reduction in the ability of the c-Cbl—Y371H mutant to pro-
mote hyperproliferation of hematopoietic cells was noted with
a deletion of a part of its C-terminus. Because the C-terminus
of c-Cbl mediates its interaction with [3-catenin,8’9 it is
conceivable that the loss of regulation of B-catenin may
contribute in part to the promoted hyperproliferation of he-
matopoietic cells and other manifestations observed with CBL
mutation at c.1111T>C (p.371Y>H). However, this hy-
pothesis needs further investigation.

Although this study examined the expression of c-Cbl in
CRC tumor tissue, its posttranslational modifications, including
Tyr371 phosphorylation, can be examined in a similar manner.
However, lack of a phospho-Tyr371—specific antibody at this
time precluded direct testing of this phosphorylation site in
tumor tissues. Although the current study focused on the pri-
mary tumor, it would be interesting to examine alterations of c-
Cbl expression or its posttranslational modifications in meta-
static tissue and after therapeutic interventions. A similar
analysis of other known E3 ligases of -catenin, such as B-TrCP
and Jade-1, will also provide a greater insight into the regulation
of Wnt/B-catenin in patients with CRC.**> These future
studies will use a large cohort of patients with CRC to detect c-
Cbl mutations, as observed in another solid organ cancer.”®

In conclusion, an association of tumor levels of c-Cbl and
overall survival of patients with mCRC strengthens the role
of c-Cbl as a negative regulator of CRC tumor growth.’
These findings demonstrate Wnt/B-catenin signaling as a
potential downstream mediator of the effects of CBL mu-
tation at c.1111T>C (p.371Y>H) and validate the molec-
ular features of c-Cbl, which are critical to its effect on
nuclear B-catenin. c-Cbl’s ubiquitin ligase activity regulates
several aspects of CRC, such as tumor growth and angio-
genesis and overall patient survival, and is worthy of further
exploration in CRC.
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