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ABSTRACT

Despite the loss of Adenomatous Polyposis Coli (APC) in a majority of colorectal
cancers (CRC), not all CRCs bear hallmarks of Wnt activation, such as nuclear
B-catenin. This underscores the presence of other Wnt regulators that are important
to define, given the pathogenic and prognostic roles of nuclear B-catenin in human
CRC. Herein, we investigated the effect of Casitas B-lineage lymphoma (c-Cbl) on
nuclear B-catenin, which is an oncoprotein upregulated in CRC due to loss-of-function
APC or gain-of-function CTNNB1 mutations. Despite mechanistic rationale and recent
discoveries of c-Cbl’s mutations in solid tumors, little is known about its functional
importance in CRC. Our study in a cohort of human CRC patients demonstrated
an inverse correlation between nuclear B-catenin and c-Cbl. Further investigation
showed that the loss of c-Cbl activity significantly enhanced nuclear B-catenin and
CRC tumor growth in cell culture and a mouse xenograft model. c-Cbl interacted with
and downregulated B-catenin in a manner that was independent of CTNNB1 or APC
mutation status. This study demonstrates a previously unrecognized function of c-Cbl
as a negative regulator of CRC.

Published: September 20, 2016

INTRODUCTION

In the United States, the lifetime risk for CRC is as
high as 5% [1]. It is the second and the third most common
cause of cancer death in men and women, respectively,
and hence regulators of its pathogenesis are important
to discern [1]. Aberrant hyperactive Wnt/B-catenin
signaling is critical in CRC tumorigenesis [2, 3]. Loss-
of-function 4PC mutations that are common in a majority
of sporadic CRC and familial adenomatous polyposis
coli (APC) patients are linked to Wnt hyperactivation.
In a small subgroup of patients with wild-type APC, Wnt
hyperactivation is due to a gain-of-function CTNNBI
(p-catenin) mutation. Both APC loss and the mutant
[-catenin increase the transcriptionally ‘active’ B-catenin
in the nucleus and are considered being ‘tumorigenic’ and

the key initiators of CRC pathogenesis [2-4].

Despite widespread presence of APC mutations in
CRC cases, the indicators of Wnt activity such as nuclear
B-catenin remain heterogeneous [5, 6]. For example,
though the biallelic loss of APC was present in almost
all cases of familial 4PC and most CRC patients, nuclear
B-catenin was rarely found in those polyps and in less
than 50% of the adenocarcinoma cases [5-7]. While some
of the CRC mice models such as colonic epithelial cell
specific knock out CDX2P-NLS showed nuclear -catenin
[7], the others including rat PIRC and 4APC™" zebrafish
models displayed predominantly cytosolic/membrane
B-catenin with little nuclear B-catenin [8, 9]. Forced
expression of KRAS on the background of the loss of
APC was required to induce nuclear -catenin [10]. Taken
together, accumulating evidence indicates the presence
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Table 1: Baseline characteristics of CRC patients

Median age (years) 62

% Male 50.79
Ethnic background (%)

White 34.92
African American 33.33
Hispanic 20.63
Other 11.11
Right sided colon cancer(%) 30.16
Histologic Type (%)

Adenocarcinoma 80.95
Signet Ring 1.96
Presented with metastatic disease (%) 76.19
Mean number of organs metastasized 1.66

of other regulatory factors for nuclear f-catenin, which is
clinically relevant given nuclear pB-catenin is linked to an
aggressive tumor phenotype, enhanced risk of metastasis
and poor survival [11, 12].

Casitas B-lineage lymphoma (c-Cbl) is an E3
ubiquitin (UB) ligase containing a Src-homology-2 RING
finger, which generally targets receptor tyrosine kinases
(RTK) and other non-RTKs such as Src family kinases
[13-15]. Unexpectedly, we uncovered P-catenin as a
substrate of c-Cbl in Wnt-on phase in endothelial cells [16,
17]. CRC pathogenesis is driven by Wnt hyperactivation
primarily due to active nuclear -catenin due to APC loss
or CTNNB] activating mutations, a state that is analogous
to persistent Wnt-on phase. As c-Cbl is known to target
B-catenin in Wnt-on phase [16, 17] and given the central
role of active B-catenin in CRC tumorigenesis, we decided
to examine the functional importance of ¢-Cbl in CRC.

c-Cbl mutations are well recognized in
hematological malignancies [18-20] and additional
mutations were recently identified in lung cancer,
suggesting a possible role of ¢c-Cbl in other solid tumors
[21, 22]. Despite these findings and a mechanistic
rationale, c-Cbl’s role in CRC remains unexplored. In
the present study, we examined the hypothesis that c-Cbl
targets nuclear Bf-catenin to inhibit CRC tumor growth.

Using a color-based image segmentation technique,
we quantified histological images derived from human
CRC tumor tissues, and observed an inverse correlation
between nuclear B-catenin and c-Cbl. Interfering with
¢-Cbl activity in CRC tumor cells and in an animal model
enhanced the CRC tumor growth. Further mechanistic
analysis revealed a physical interaction between c-Cbl
and B-catenin and downregulation of B-catenin, which was
independent of APC or CTNNBI mutation status and in a
manner distinct from B-TrCP, a known E3 ubiquitin ligase
of B-catenin [23]. Additionally, c-Cbl-mediated regulation
of nuclear -catenin was independent of its role in RTK
signaling. The image quantification technique developed

for this work has the potential for broad functionality
and can be extended to estimate several aspects from
histopathological images derived from heterogeneous
tissues such as cancer.

RESULTS

¢-Cbl expression inversely correlates with the
nuclear p-catenin in CRC patients

To examine the role of c¢-Cbl in CRC, we
investigated a possible relationship between c-Cbl and
nuclear B-catenin in a cohort of 83 CRC biopsies of
patients treated at Boston University School of Medicine
from 2004-2014 (Table 1).

Two gastrointestinal surgical pathologists first
conducted a pilot study in twenty CRC tumors to examine
the expression of c-Cbl and [3-catenin on a consecutive set
of slides in a blinded fashion. A pre-validated B-catenin
antibody was used [24]. c-Cbl antibody was validated
using c-Cbl KO cells and with a blocking peptide
corresponding to amino acids 892-906 of human c-Cbl
(Supplementary Figures 1A-1C). The c¢-Cbl band was not
observed in c-Cbl KO cells. c-Cbl signal reduced in a dose-
dependent manner with the pre-incubation of increasing
amount of blocking peptide with c-Cbl antibody. Using
this validated antibody, immunohistochemistry studies
revealed c-Cbl in the cytoplasm, (Figure 1A) and
occasionally in the nucleus. B-catenin localized in the
membrane, cytoplasm and nucleus. A trend towards an
inverse relationship between c-Cbl and nuclear B-catenin
was noted by the surgical pathologist using a semi-
quantitative scale (low to high expression corresponding
to 1+ to 3+ staining), a commonly used method for the
assessment of protein expression. However, a quantitative
method would be more suitable to uncover the relationship
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Figure 1: c-Cbl inversely correlates with nuclear B-catenin in human CRC. A. Expression and localization of B-catenin and
¢-Cbl in two stage [V CRC patients showing a reverse expression pattern in -catenin and c-Cbl. A set of consecutive slides stained for c-Cbl
and B-catenin were examined at different magnifications (200X and 400X). Patient # 88290 showed a strong nuclear p-catenin (a black
arrow), while c-Cbl expression was low (a yellow arrow). In contrast, patient # 3862 showed predominantly membrane and cytoplasmic
[B-catenin (a white arrow), and a high c-Cbl expression (a yellow arrow). B. Overview of the image-processing pipeline to estimate the
amounts of nuclear -catenin and c-Cbl. 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. Three basic sub-regions within each image: nuclei and its
neighborhood, luminal area, and the interstitial space. (i) For the case of c-Cbl, the k-means algorithm (k=3) was used on each transformed
color image in a*b* space and segmented into three clusters. From the three segmented clusters, the encapsulated cytoplasmic area within
the entire image was identified. A size-based filtering operation was then performed on the identified cluster to eliminate all connected
components that have fewer than 5000 pixels were removed from the identified cytoplasmic cluster. (ii) For nuclear -catenin, the same
clustering algorithm was used to first divide the transformed color image in a*b* space into three clusters. Each of the three clusters derived
from the color image in a*b* space was divided into two sub-groups using the same k-means (k=2) clustering approach. The final outcome
of this 2-tier clustering approach was 6 non-overlapping images. The surgical pathologists then identified the images with nuclear B-catenin.
C. An inverse correlation between c-Cbl and nuclear B-catenin in CRC. A correlation between average normalized nuclear -catenin and
normalized c-Cbl was performed in 83 stage IV CRC patients. The dotted lines correspond to the averages of each parameter. Error bars =
SEM. The highlighted areas represent groups with an inverse relationship between two parameters, and the divided cohort is depicted in
2X2 contingency table (Supplementary Table 1).
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between two proteins by immunohistochemistry.

The image analysis technique developed for this
study allowed us to estimate the amount of B-catenin and
c-Cbl expression in the full cohort of 83 CRC patients.
This strategy consisted of 4 mutually exclusive steps to
estimate metrics of interest within the selected sub-regions
of each image (Figure 1B). Multiple iterations involving
fine-tuning of the clustering algorithm parameters along
with the final review of the segmented images by the
surgical pathologists allowed for the quantification of
nuclear B-catenin and c-Cbl. These were normalized to the
total tumor area in an image. The correlation was analyzed
at both the patient-level (an average of all the images from
each patient) and at the image-level (individual images).
A significant negative correlation of average normalized
¢-Cbl and nuclear B-catenin was observed in 83 CRC
patients (p < 0.0001, Spearman correlation -0.64) (Figure
1C), and also in 435 pairs of individual images (p <0.001,
Spearman correlation coefficient - 0.68) (Supplementary
Figure 1D). The distribution of c-Cbl and nuclear
B-catenin was further examined by dividing the cohort
based on the averages of normalized nuclear B-catenin
and c-Cbl (Figure 1C). Though a wide distribution of the
relationship between c-Cbl and nuclear pB-catenin was
noted, 81% (69 out of 83) of patients exhibited an inverse
relationship between them (Figure 1C highlighted areas
and Supplementary Table 1). In concurrence with others
[5-7], nuclear B-catenin was noted in only 37% (31 of 83)
of CRC tumors. Wide error bars in both these parameters
arise from the heterogeneity within the tumor. Taken
together, our observations suggest an inverse correlation
between c-Cbl expression and nuclear f-catenin in CRC
patients.

Loss of c-Cbl augments CRC tumor growth

Given the inverse correlation between c-Cbl and
nuclear B-catenin in human tumors and the evidence that
nuclear B-catenin regulates the growth of CRC [2-4], we
examined the role of ¢-Cbl in CRC tumor growth in an
in vivo xenograft model using ¢-Cbl silenced (c-Cbl-sil)
HT-29 cells (Figure 2A). Compared to the controls, c-Chl/
silenced mouse xenografts showed significantly increased
tumor growth over 21 days (Figure 2B and 2C). The
control xenografts showed a tumor (area demarcated by
dashed white line) interspersed within the interstitium,
while ¢-Cbl silenced xenografts had minimal interstitial
area and significantly higher tumor area (Figure 2D
and 2E). Next, we examined the proliferation of CRC
cells using PCNA and the number of cells with nuclear
B-catenin, both of which were normalized to a total
number of nuclei. PCNA and B-catenin positive nuclei
(Figure 2F-21) were significantly higher in ¢-Cb/ silenced
xenografts indicating that reducing expression of c-Cbl
in CRC tumor cells increases tumor cell proliferation.
Taken together, these data indicate that expression of

¢-Cbl in CRC negatively regulates CRC tumor growth and
downregulates nuclear B-catenin in CRC.

c¢-Cbl interacts with and destabilizes different
species of p-catenin in CRC

Our observations in human and mouse tumor
xenograft model suggest a critical role for c¢-Cbl in
downregulation of B-catenin. To further probe the role
of ¢-Cbl in the regulation of B-catenin, we used a panel
of CRC cell lines harboring different mutations in Wnt
components (Supplementary Table 2) and examined c-Cbl
interaction and its ability to regulate B-catenin. In vitro
binding assays were performed using purified recombinant
GST-tagged-c-Cbl C- or N- terminus truncations with
the lysates from different CRC cell lines, namely S33A
phospho-resistant mutant B-catenin (HCT116), active
B-catenin in the milieu of APC loss (HCT15) and wild-
type B-catenin (RKO cells) (Supplementary Table 2).
The results demonstrated that the C-terminus of c-Cbl
(c-Cbl 359-909) interacted with B-catenin in these CRC
cell lines (Figure 3A). Furthermore, c-Cbl co-localized
with different species of B-catenin in the nucleus and in
the cytoplasm (Figure 3B). The data also demonstrate
that the interaction of c-Cbl with B-catenin in CRC
cells is independent of the status of APC or f-catenin
mutations. These observations can be explained by the
binding of ¢c-Cbl to the Armadillo Repeat Motif (ARM)
of PB-catenin [16]. Both S33A mutant B-catenin and
hypophosphorylated f-catenin due to the loss of APC have
modified N-terminus of B-catenin but not the ARM motif.
Hence, the binding to ARM motif endows c-Cbl the ability
to interact with -catenin independent of APC or f-catenin
mutations.

Having established a physical interaction between
¢-Cbl and B-catenin in CRC cells, we next examined
whether c-Cbl regulated the B-catenin in CRC cell lines.
¢-Chl silenced CRC cells showed a 2.5-3.4 fold increase
in total B-catenin and close to a 1.5-3 fold increase in
nuclear B-catenin (Figure 3C and Supplementary Figure
2A). Unlike RKO and HCT15 cell lines, which had almost
complete ¢-Cbl silencing, HCT116 showed silencing
only up to 48%. Yet, this resulted in a 2.6-fold increase
in B-catenin, a finding that raises a possibility of higher
sensitivity of B-catenin in HCT116 cell line to c-Cbl, and
may be explained by the type of mutation (S33A mutation)
or other genomic heterogeneity in HCT116 cell line [25-
28]. In an alternative approach, we over-expressed wild-
type c-Cbl or dominant negative c-Cbl, ¢c-Cbl-70Z, an
E3 UB ligase-deficient dominant negative form of c¢-Cbl
in CRC cell line. Overexpression of ¢-Cbl suppressed
B-catenin and c-Cbl-70Z markedly increased f-catenin
expression (Figure 3D).

We next examined whether c-Cbl destabilizes
B-catenin. Half-life studies were conducted using emetine,
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Figure 2: Loss of c-Cbl augments CRC tumor growth. A. ¢-Cb! silenced (c-Cbl-sil) HT29 cells that were used for the xenograft
model. HT 29 cells stably expressing control (pSuper) and ¢-Cb/ shRNA(c-Cbl-sil) were lyzed and probed. The f-catenin band was
normalized with actin for this figure and in all of the figures in this manuscript. A representative of the image from two repeat experiments
is shown. B. ¢-CblI silencing significantly increased the CRC tumor growth. HT29 cells (1X107/animal) stably expressing control and
silenced c-Chl were mixed with Matrigel and injected subcutaneously into nude mice (N = 5). The growth of tumor cells was measured
every seven days for three weeks. An average of tumor volume is shown. Error bars = SEM. C. Xenografts were removed on the day of
harvest and dissected. The explants are shown. D. The tumor areas in ¢-Cb/ silenced and control xenografts. Paraffin-embedded xenograft
tumors were processed and stained for H & E. Ten slides per each xenograft were prepared (N = 5 xenografts from each group), and five
random images were captured from each slide at 10X magnification. The area of the tumor, which includes adenocarcinoma without the
interstitium or luminal regions, was measured using image quantification technique shown in Figure 1. In the first tier, this algorithm
segments the area into three fundamental compartments including adenocarcinoma, interstitium, and lumen. The control tumors showed
adenocarcinoma (the dotted line) interspersed with a small interstitial area, while in c-Cb/ silenced xenografts showed predominant tumor
area without interstitium. A representative from each group is shown, where I = interstitium and T = tumor, marked with the broken white
line. Scale bar = 100 pM. E. The tumor area was significantly higher in ¢-Cb/ silenced xenograft. A color-based segmentation pipeline was
used to quantitate area of tumor in each slide as described above. Ten slides were prepared randomly from each xenograft (N =5 for each
group) and five random images per slides were analyzed. An average of tumor area is shown with error bars = SD. p values were calculated
using Mann-Whitney U test. F. An increase in the proliferating cells in c-Cb/ silenced CRC xenografts. Ten slides per each xenograft were
processed and stained for PCNA, and counter-stained with H & E. Five random images were captured from each slide at 40X magnification
and a representative from each group is shown. The black arrow indicates PCNA positive nuclei. Scale bar = 100 pM. G. PCNA positive
nuclei were significantly higher in ¢-Cb/ silenced xenografts. A color-based segmentation pipeline to quantitate PCNA positive nuclei was
developed, as described above and expressed as percent of PCNA positive nuclei to the total nuclei. Ten slides were prepared randomly
from each xenograft and five random images per slides were analyzed, and an average of number of PCNA positive nuclei is shown with
error bars = SD. p values calculated using Mann-Whitney U test. H. An increase in the nuclear B-catenin in ¢-Cb/ silenced xenograft.
Xenograft slides processed and stained for B-catenin were analyzed as above. The yellow/white arrow indicates B-catenin positive nuclei.
Scale bar = 100 pM. 1. The cells with nuclear -catenin were significantly higher in c-Cb/ silenced xenografts. A color-based segmentation
pipeline was used to quantitate -catenin positive nuclei and normalized to a total number of nuclei. The percentage of 3-catenin positive
nuclei to the total number of nuclei is shown with the error bars = SD. p values calculated using Mann-Whitney U test.

a protein translational blocker, which generates a kinetic in HCT116 cell line (Supplementary Figure 2F). These
profile of protein degradation from samples harvested results suggest that c-Cbl exerts its effect on both the wild-
at different time points [16, 29]. c-Cbl overexpression type and S33A mutant B-catenin, while B-TrCP appear to
significantly reduced the half-life of B-catenin from 48 regulate only wild-type B-catenin. These observations
minutes to 22 minutes (p = 0.012) (Figure 3E and 3F). are consistent with the preferential binding of B-TrCP
On the other hand, ¢-Cb!/ silencing prolonged nuclear to the phosphorylated B-catenin, which is present in
B-catenin half-life (average 30 minutes to 110 minutes, p RKO cells but not in HCT116 cell lines harboring the
=0.01) (Supplementary Figure 2B and 2C). Also, c-Cbl phospho-resistant mutant form of B-catenin [23]. c-Cbl
silencing substantially reduced ubiquitination of active binds to the ARM region of B-catenin independent of its
B-catenin in HCT15 cell line (Supplementary Figure 2D). N-terminus phosphorylation or mutations in S33 residue,
Taken together, these data indicate that c-Cbl destabilizes which explains continued c-Cbl regulation of B-catenin
and ubiquitinates different species of -catenin in CRC. independent of APC or CTNNBI mutation status [16].
B-Transducin Repeat Containing Protein (B-TrCP) Taken together, these data indicate that c-Cbl destabilizes
is a well-characterized E3 UB ligase of B-catenin [23]. and ubiquitinates different species of B-catenin in a
However, no comparative studies have been performed manner distinct from B-TrCP, which makes c-Cbl an
between B-TrCP and c-Cbl in CRC. We examined the important regulator of B-catenin in CRC.
effect of c-Cbl and B-TrCP on two discrete CRC cell lines
harboring wild-type B-catenin (RKO) or S33A mutant c-Cbl regulates Wnt target genes and CRC cell
B-catenin (HCT116). In RKO cells, ¢-Cbl and S-TrCP proliferation in CRC

silencing each upregulated B-catenin and an additive

effect was observed with the dual silencing of c-Cbl and o - ) )
B-TrCP (Supplementary Figure 2E). On the other hand, Consldermg a (.:r1t1cal ro.le.of .c—Cbl in the regulation
in HCT116 cells, c-Cbl silencing upregulated B-catenin, of [.3-(.:aten1n, we pos1t§d th"flt it is likely to modulate Wnt
while S-TrCP silencing did not upregulate B-catenin. activity. C'Cb.l silencing in CRC cells co-expressing
Co-silencing of ¢-Cbl in the milieu of f-TrCP silencing p-catenin-mediated promoter-reporter constructs, showed
resulted in a 3-fold increase in B-catenin. Ubiquitination a mgmﬁcagtly higher Wnt activity (F.1gure 4A). B—cgtepln
studies of B-catenin also corroborated with the above is a transcriptional coactlvator., Whlch induces transcription
regulation. ¢-Cbl and B-TrCP silencing substantially of several Wnt target genes including AX/N2, MYC and
reduced B-catenin ubiquitination in RKO cells, while CYCLIN DI (Figure 4B). c-Cbl silenced cells showed

only ¢-Cbl silencing reduced B-catenin ubiquitination close to 1.5-2 fold increase in the Wnt target genes. As
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Figure 3: c-Cbl interacts and regulates tumorigenic f-catenin in CRC. A. The binding of recombinant c-Cbl with different
species of B-catenin. Recombinant GST or GST-tagged c-Cbl (1-358 and 359 -909) were purified from E. coli and tethered to GST™ beads.
The lysates from different CRC cell lines including RKO (wild-type p-catenin), HCT116 (phospho-resistant S33 A mutant -catenin) and
HCT]1S5 (active B-catenin in the milieu of loss of APC) were incubated for 4 hours with the beads, which then were washed with lysis buffer
containing 0.2M NaCl. The eluents were probed using -catenin antibody. Five percent of cell lysates and GST-tagged c-Cbl truncations
stained using Coomassie dye are shown as inputs. Representative immunoblot from three experiments is shown. B. A co-localization of
c-Cbl with wild-type, S33A mutant and active B-catenin in different CRC cell lines. CRC cells after 24 hours of seeding were fixed and
stained for endogenous B-catenin and c-Cbl. DAPI was used for nuclear staining. Images obtained from the confocal microscope, were
analyzed using ImagelJ to generate the profile plots to demonstrate the distribution of the signal. C. ¢-Cb/ silencing increased p-catenin
in CRC cells. CRC cells were stably transduced with control (pSuper) or c-Cbl-silenced (c-Cbh/-sil) shRNA and lyzed and probed using
c-Cbl and B-catenin antibodies. Actin served as a loading control. A representative of three different experiments is shown. D. ¢-Cbl
downregulated different species of B-catenin, while c-Cbl-70Z, an E3 UB ligase-deficient form of c-Cbl, served as a dominant negative.
CRC cells stably expressing Flag-tagged c-Cbl (cbl) or c-Cbl-70Z or control (Ctr) were fractionated. Tubulin and fibrillarin served both as
loading controls and the markers for the respective fractions. A representative of three different experiments is shown. E. c-Cb/ destabilized
active B-catenin in the milieu of APC loss. HCT15 cells stably transduced with the control and c-Cbl pretreated with 20uM emetine were
harvested at the indicated time. A representative of three different experiments is shown. F. The stability of B-catenin was determined by the
half-life, which is the time point corresponding to 50% of original amount of B-catenin after blocking the protein translation with emetine.
[-catenin bands were normalized to tubulin and then to the amount of B-catenin at time zero. An average of three experiments is shown.
Error bars = SD.
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MYC is considered to be a target gene regulated by Wnt/
B-catenin, we also examined its protein levels, which
doubled in ¢-Cbhl silenced cells (Figure 4C), indicating
that c-Cbl regulates Wnt activity and target genes in cells
harboring either mutant S-catenin or active B-catenin due
to APC loss.

Wnt target genes are potent regulators of CRC
proliferation. In line with c-Cbl’s Wnt suppressive effect,
c-Cbl silencing (Figure 5SA) and c¢-Cbl-70Z, a dominant
negative c-Cbl, (Figure 5B and Supplementary Figures 3A,
3B) significantly increased *[H] thymidine incorporation.
These results corroborated with the significantly higher
spheroid formation in ¢-Cbl silenced HT29 and HCT15
cell lines grown in suspension (Supplementary Figure 3C-
3F). To further elucidate c-Cbl’s regulation of B-catenin
through B-catenin/TCF4 axis, we used a dominant negative
TCF4 (dnTCF4) construct. As constitutively active
dnTCF4 results in profound cell cycle arrest especially
in those CRC cells with higher -catenin [30], we used
an inducible dnTCF4 (Figure 5C and 5D) available in

A

LS174T cell line. Increased CRC cell proliferation induced
by ¢-Cbl silencing was significantly abrogated with the
induction of dnTCF4, indicating c-Cbl regulates CRC cell
proliferation through Wnt-B-catenin-TCF4 axis.

c-Cbl downregulates multiple RTKs including
EGFR, MET, and others [31], which in turn regulate Wnt
signaling in different cancer types (RTK-Wnt crosstalk)
(Supplementary Figure 4A) [32-36]. EGFR activates P13/
AKT pathway to inhibit GSK-3f3 and stabilize -catenin
[34]. EGFR activates PKM2 enzyme to bind to nuclear
B-catenin and activate Wnt signaling [36]. Though an
indirect regulation of B-catenin through c-Cbl-RTK-Wnt
crosstalk is possible in CRC, together with the previous
findings, the following observations support a direct
regulation of B-catenin by ¢-Cbl. First, purified f-catenin
directly binds to ¢-Cbl in an in vitro GST-pull down assay
[16]. B-catenin preferentially binds to the C-terminus
of ¢-Cbl, which is different from that of RTK binding
(TKB/SH2 domain) (Figure 3B). Furthermore, a mutant
¢-Cbl construct (c-Cbl-G306E), which fails to regulate
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Figure 4: c-Cbl suppresses Wnt activity. A. The ¢-Cb! silencing increased the Wnt activity in CRC cells with the S33A mutant
[-catenin and the active B-catenin due to APC loss. The CRC cell lines were transfected with TCF-responsive promoter-reporter pPBARLS
and nonresponsive control reporter pfuBARLS tethered to a luciferase reporter (17). The Wnt activity was quantified by measuring relative
firefly luciferase units normalized to protein concentration. An average of three independent experiments was shown. A Student’s t-test
was performed to determine the statistical significance. Error bars = SEM. B. The loss of ¢-Cb/ activity upregulated Wnt target genes
in CRC cells harboring the S33A mutant -catenin. HCT116 cells stably expressing control or ¢-Ch! shRNA (c-Cbhl-sil) were harvested
within 24 hours of seeding. qRT-PCR reactions were run in duplicate for each sample and quantified using real-time PCR in triplicates
for detecting AXIN-2, C-MYC and CYCLINDI mRNAs and the Ct values were generated. The values were normalized to the control and
actin. An average of three independent experiments performed in duplicates is shown. Error bars = SEM. C. Doubling of c-Myc with ¢-Cb/
silencing in CRC cell lines. The CRC silenced for ¢-Ch/ were probed for c-Myc. Actin served as a loading control. A representative of two
independent experiments is shown.
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RTKs, can still downregulate B-catenin [16]. Lastly,
c-Cbl regulates B-catenin in porcine aortic endothelial
cells (PAECs), which do not express endogenous RTKs
including, EGFR, FGFR, PDGFR, VEGFR and ¢-KIT [37,
38]. All these observations support an RTK-independent
¢-Cbl regulation of B-catenin.

To examine the RTK-independent and direct c-Cbl
regulation of B-catenin, we suppressed RTK-Wnt crosstalk
using a panel of RTK inhibitors with a hypothesis that
the residual effect of c-Cbl on Wnt/B-catenin axis in
the milieu of suppressed RTK can be attributed to the
direct regulation of B-catenin by c-Cbl. A panel of RTK
inhibitors was used at their IC_; levels including Foretinib
(c-MET and VEGF receptor family inhibitor) [39];
Sorafenib (a broad-range inhibitor for Raf, FGFR-1, wild-
type BRAF, mutant BRAF, VEGFR-2, PDGFR-f, PI3K
and FIt3 kinases) [40]; and Gefitinib (predominantly an
EGFR inhibitor) [41]. Their IC50 levels in CRC cells
(Supplementary Figures 4A-4D) were in concurrence
with others [39-41], and used to compare the percentage
reductions in B-catenin expression, Wnt activity, and CRC
cell proliferation between control and ¢-Cb/ silenced cells.

In the control group, compared to untreated cells,
the treated cells showed reduced B-catenin expression
(mean +/- SD: 75.1 +/- 10.7). However, a significantly
lower reduction in B-catenin expression was observed in
treated ¢-Cbl silenced cells (22.52 +/- 8.4, Wilcoxon rank
sum test p < 0.0003) (Figure 5E). A similar pattern was
noted in Wnt activity (Figure 5F). In HT29 cells, both
Sorafenib and a combination of Sorafenib with Foretinib
significantly inhibited Wnt activity in the pSuper group
(compared to the untreated cells, the percentage reduction
in Wnt activity with the RTK inhibitors: mean +/- SD
37.46 +/- 27.60% relative luciferase unit - RLUs). Though
the treatment with these agents also significantly inhibited
Whnt activity in ¢-Cbl/ silenced group, the extent of Wnt
inhibition was significantly compromised in c-Cb/ silenced
group (14.82 +/- 9.11% RLUs, Wilcoxon rank sum test p =
0.046). A similar pattern was observed in HCT116 treated
with Sorafenib and Gefitinib (Supplementary Figure 4E).

The pattern of CRC proliferation corroborated with
the effect on Wnt activity (Figure SF and Supplementary
Figure 4E). Suppression of CRC proliferation with RTK
inhibitors was significantly higher in the control group
(percentage reduction in proliferation with the treatment
compared to the untreated cells; mean +/- SD: 54.17 +/-
18.17%) compared to ¢-Cb! silenced cells (24.86 +/-11.39,
p <0.0001) (Figure 5G). Taken together, reduction in all
three parameters - B-catenin expression, Wnt activity and
CRC proliferation with RTK inhibitors were significantly
lower in ¢-Cbl/ silenced cells compared to the control
cells. Persistence of effect on Wnt/B-catenin axis in ¢-Cb!/
silenced cells with suppressed RTK signaling and RTK-
Wnt crosstalk supports an additional RTK-independent
direct component to c-Cbl regulation of [-catenin
(Supplementary Figure 4A).

DISCUSSION

Aberrant hyperactive Wnt signaling due to 4APC
or CTNNBI mutations resulting in constitutively active
B-catenin or S33A phospho-resistant f-catenin is the
strongest causal link to human CRC [2-4]. Contrary to
the expectation, nuclear B-catenin, which is a hallmark of
overactive Wnt signaling, remains heterogeneous within
CRC. This conundrum of stabilized B-catenin not being
nuclear in CRC cells indicates a potential alternative
and clinically relevant mechanism regulating the nuclear
B-catenin [5, 6]. Our current work implicates ¢-Cbl as a
negative regulator of different f-catenin species and tumor
growth. Consistent with cell culture data, we also observed
an inverse correlation between nuclear B-catenin and c-Cbl
in a cohort of CRC patients. In addition to the indirect
regulation through RTK-Wnt crosstalk, the current data
uncovers a previously unrecognized RTK-independent
component of ¢c-Cbl’s regulation of Wnt/B-catenin axis.
The data also supports a distinct role of ¢-Cbl in CRC
differentiating it from that of B-TrCP.

Owning to its frequent gain of function mutations
in hematological malignancies, the role of c-Cbl is
extensively studied in the context of hematological
malignancies [18-20]. c-Cbl missense or small deletions
predominantly in c-Cbl’s RING finger and linker region
contribute to myeloproliferative disorders, including
atypical chronic myeloid leukemia, myelofibrosis juvenile
myelomonocytic leukemia, myelodysplastic syndrome,
etc. [18-20]. The mutant c-Cbl protein is thought to serve
as a dominant negative for c-Cbl. Evidence also supports
an additional gain-of-function component, where the
mutant c-Cbl protein binds without degrading the RTKs
inducing hyperactive tyrosine kinase signaling.

c-Cbl mutations were also recently described in lung
cancer [21, 22], but their role remains largely unknown in
other solid tumors like CRC. However, some inferences
can be deduced from c-Cbl mutations in hematological
malignancies, and lung cancers. Similar to the
hematological malignancies, a loss of heterozygosity of
¢-Cbl was noted in lung cancer and its combinatorial effect
with other mutations such as EGFR or Met was proposed
as a mechanism of tumorigenesis [21, 22]. However,
unlike hematological malignancies, the mutations in
lung cancer patients predominated at the C-terminus and
proline-rich region of ¢c-Cbl and only a small proportion
was found in its RING or linker domain [22]. Importantly,
in contrast to the hematological malignancies, these
mutations did not compromise the ubiquitination of EGFR,
yet increased the survival, proliferation and motility of
cancer cells, thereby suggesting other mediators for the
tumor growth and metastatic enhancing properties of
those mutants [22]. As B-catenin binds to C-terminus of
¢-Cbl (Figure 3A) and that the loss of binding increases its
stability and Wnt activation [16, 17], these findings raise
a possibility of B-catenin as a candidate effector of ¢c-Cbl
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Figure 5: c-Cbl suppresses CRC cell proliferation independent of RTK-Wnt crosstalk. A. ¢-Cb/ silencing increased the
proliferation of CRC cells harboring active (3-catenin due to APC loss. HCT15 cells stably expressing control (pSuper) or ¢-Cb/ sShRNA
(c-Cbl-sil) were serum starved for 24 hours and stimulated with 5% FBS. *[H] incorporation assay was performed after 24 hours using The
LabLogic 300SL Liquid Scintillation Counter. An average of six samples done in duplicates is shown. A Student’s t-test was performed.
Error bars = SEM. B. ¢-Cbl-70Z, an E3 UB ligase-deficient and a dominant negative form of c-Cbl increased the proliferation of CRC
cells with S33A mutant pB-catenin. HCT116 cells stably expressing control or ¢-Chl-70Z construct were serum starved for 24 hours and
stimulated with 5% FBS. *[H] incorporation assay was performed after 24 hours. An average of six samples done in duplicates is shown.
A Student’s t-test was performed. Error bars = SEM. C. c-Cbl regulated the CRC proliferation in a TCF-4 dependent manner. Ls174T
cells with inducible dominant negative (dnTCF4) were stably transduced with control (pSuper) or ¢-Ch/ shRNA (c-Cbl-sil). The dnTCF4
was induced with doxycycline treatment for 5 days and the cells were processed as above. An average of six samples done in duplicates
is shown. A Student’s t-test was performed. The p values are shown for different comparisons. Compared to control, c-Cb/ silenced cells
showed a significant increase in the CRC proliferation. Induction of dnTC4 significantly reduced the Wnt activity in both the groups. Even
in the dnTCF4 group, ¢-Cbhl silenced cells showed a higher Wnt activity compared to the control cells (p =0.003). Error bars = SEM. D.
The expression of dnTCF-4 and p-catenin are shown. The lysates from the above experiments were probed and the actin served as a loading
control. E. c-Cbl continued f-catenin regulation even in the milieu of RTK suppression. LS174T cells stably expressing control (pSuper) or
c-Cbl silenced shRNA (c-Cbl-sil) were treated with Sorafenib 25 uM, Foretinib 20 ptM and same concentrations of Sorafenib + Foretinib for
24 hours based on IC50 (Supplementary Figures 4B, 4C). B-catenin bands were normalized to actin. A representative of three independent
experiments is shown. A Student’s t-test was performed to determine the statistical significance. Compared to pSuper, c-Cb! silenced cells
had a 2-fold increase in B-catenin, p = 0.004. The group averages of treated cells were compared with untreated cells in pSuper and Silenced
group using Wilcoxon rank sum test. A significant lower reduction was noted in treated c-Chl silenced cells compared to the treated
control cells (p = 0.0003). F. c-Cbl continued to regulate the Wnt activity in the milieu of RTK suppression. HT29 cells co-expressing
TCEF-responsive promoter-reporter pPBARLS or nonresponsive control reporter pfuBARLS tethered to a luciferase reporter along with
control (pSuper) or ¢-Ch/ shRNA silenced cells were seeded in 96-well plates and serum starved overnight. The cells were stimulated
with 5% FBS with Sorafenib or Foretinib or the same concentrations of Sorafenib + Foretinib, as described above. The cell lysates were
subjected to luciferase assay using Promega Dual Luciferase Assay Kit® according to the manufacturer’s instructions and normalized to the
protein content. An average of six independent samples is shown. A Student’s t-test was performed to determine the statistical significance.
Compared to the control cells (pSuper), the ¢-Cbl silenced (c-Cbl-sil) cells had 77% increased in the Wnt activity, (#) p = 0.00001. In the
pSuper group, compared to the untreated cells, the cells treated with Sorafenib had (*) p = 0.02, Foretinib = 0.14 and Sorafenib + Foretinib
treated cells had p = 0.0001. In the ¢-Cb/ silenced group, compared to the untreated cells, the cells treated with Sorafenib (*) had p = 0.02,
Foretinib p = 0.23 and Sorafenib + Foretinib p = 0.049. The group averages of treated cells were compared in pSuper and Silenced cells
using Wilcoxon rank sum test (the dotted line, p = 0.046). Error bars = SEM. G. c-Cbl regulated the CRC proliferation even in the presence
of RTK suppression. HT29 cells stably transduced with the control (pSuper) or c-Chl shRNA (c-Chl-sil) were seeded in a 96-well plate
and serum starved. *[H] thymidine incorporation assay (cpm/well) was performed after treating the cells with Sorafenib or Foretinib or
Sorafenib + Foretinib as described above. An average of six samples is shown. A Student t-test was performed. Compared to the pSuper,
the ¢-Cbl silenced cells showed a 44.69% increase in the cell proliferation, (#) p = 0.009. In the pSuper group, compared to the control,
the cells treated with Sorafenib had (*) p = 0.02, Foretinib p = 0.109 and Sorafenib + Foretinib p = 0.011. In the Silenced group, compared
to untreated cells, Sorafenib-treated cells had (*) p = 0.002, Foretinib p = 0.03 and Sorafenib + Foretinib p = 0.007. The group averages
of treated cells were compared in pSuper and Silenced cells using Wilcoxon rank sum test (the dotted line, p <0.0001). Error bars = SEM.

mutants. These findings may support the notion of separate pools
These studies raise the question of why there is no of B-catenin targeted by these individual E3 UB ligases
increased incidence of solid tumors reported in patients such that silencing of both results in an additive effect.
with germline mutations of c-Cbl, despite the increase It is likely that these pools are created due to binding of
in the hematological malignancies. Higher expression of E3 UB ligases to different sites on -catenin (B-TrCP to
c-Cbl in the hematological compartment, differences in the phosphorylated N-terminus and c-Cbl to ARM region
the types of c-Cbl mutations, the combinatorial influence independent of the N-terminus phosphorylation) [16, 23].
of other oncogenic and tumor suppressor pathways, and These binding differences on B-catenin may also explain
the effect of the milieu on the tumorigenesis may provide their differential regulation of B-catenin. 4PC loss and
possible explanations. We believe that these questions S33A mutant B-catenin respectively results in hypo-
provide a strong rationale to examine c-Cbl in greater phosphorylated or phospho-resistant 3-catenin species.
depth in solid tumors, and the current body of work is the Unlike B-TrCP, c-Cbl is able to bind and downregulate
first study probing the role of ¢-Cbl in CRC. both these species. These observations highlight c-Cbl as
Our analysis also revealed differential roles of a distinct and an effective E3 UB ligase for ‘tumorigenic’
B-TrCP and c-Cbl in the regulation of [-catenin in B-catenin in CRC.
CRC cells. In RKO cells harboring wild-type B-catenin c-Cbl’s effect on B-catenin can be confounded by
susceptible to the phosphorylation by GSK-3, silencing RTK-Wnt crosstalk (Supplementary Figure 4A) [32-
of individual E3 UB ligases increased B-catenin by a 2.5- 36]. This is particularly relevant in CRC, as activating
fold but their combined silencing had higher effect (close mutations in several of these RTKSs are found in 12-30% of
to a 4-fold rise of B-catenin) (Supplementary Figure 2E). CRC patients [42, 43]. To uncover the direct component,
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it would be ideal to completely inhibit RTKs and abolish
RTK-Wnt crosstalk - an effect that is challenging to
achieve given several RTKs active in CRC and regulated
by c-Cbl. Therefore, a panel of broad-based kinase
inhibitors was used. Significant persistence of -catenin
expression and Wnt activity despite RTK inhibition
(Figure SE-5F and Supplementary Figure 4E) indicated a
substantial contribution of this direct c-Cbl-B-catenin axis
in CRC.

Computer-based image processing for detailed
quantitative histology is an evolving discipline in cancer
research [44]. This analysis framework is important not
only to elucidate the relationship of different proteins
as illustrated above but also for the development of
prognostic or efficacy biomarkers. Despite this pressing
need, current methods remain largely semi-quantitative,
where images of sub-regions of interest and signal
intensity are graded on a discrete scale, and the data gets
grouped into finite bins. Such estimates are not optimal
for tissues with complex histopathologies, where finer
details are sought for obtaining mechanistic insight.
Moreover, these methods cannot fully capture the potential
heterogeneity across an entire imaging slide. Manual
interpretation is time consuming and not scalable in a
high throughput manner. Although this technique was
specifically customized for this work, the framework itself
is generalizable and can have several other applications
such as estimation of the tumor area and the number of
PCNA positive nuclei, etc., in xenograft model (Figure
2D-2F), which indicates its broad functionality.

In line with the previous findings [5, 6], we observed
nuclear B-catenin in 37% (31 of 83) of CRC patients
and of which 83% (26 of 31) of patients had low c-Cbl
(Supplementary Table 1). Ninety percent (43 of 48) of
CRC with high c-Cbl showed low nuclear B-catenin. Both
these observations support c-Cbl as a modifier of f-catenin
in CRC. There can be several possible explanations for
low c¢-Cbl in CRC such as methylation of the c-Cb!/
promoter or its post-translational modifications. It is also
plausible that other upstream regulators may alter c-Cbl.
For example, Lai et al demonstrated that the activation of
MET kinase destabilizes c-Cbl through the proteasomal
pathway [45], which can potentially reduce the regulation
of B-catenin and activate the Wnt signaling. As activating
mutations of MET receptor are present in 9% of CRC [46],
they can potentially explain low c-Cbl levels in some of
the CRC.

Low c-Cbl expression in CRC tumors is consistent
with its potential tumor suppressor function. The presence
of CRC with the high c-Cbl expression in the current series
(Supplementary Table 1) may imply that c-Cbl serves as
a tumor suppressor in a subset of CRC cases with lower
c-Cbl expression. However, it is likely that the advanced
stage of CRC (stage 4, Table 1) is associated with altered
c-Cbl levels and that its levels may be lower in the earlier
stage of CRC. Despite increase in its protein levels, it is

also plausible that c-Cbl activity is inhibited by yet other
unknown mechanisms, and this may explain the presence
of nuclear B-catenin in 11% of CRC patients with high
¢-Cbl level. Future studies will probe into the regulators
of ¢-Cbl and also its influence on disease phenotype
including risk for metastasis and patient survival in CRC.

Overall, this study identifies c-Cbl as a unique E3
ubiquitin ligase of the tumorigenic forms of f-catenin
that are central to CRC pathogenesis. By validating its
relationship in a cohort of human CRC and within an
animal model, this study identifies c-Cbl as a modifier for
CRC pathogenesis and a contributor to the heterogeneity
in Wnt activity in human CRC.

MATERIALS AND METHODS

Image quantification

We developed a customized, color-based image
segmentation pipeline to estimate the amounts of nuclear
B-Catenin, c-Cbl expression, PCNA positive nuclei
for human CRC samples and xenografts. The pipeline
consists of one or more of the following steps: basic
image pre-processing, color-based segmentation, size-
based morphology filtering and valid area computation of
selected sub-regions within each image. All RGB color
images were first converted to L*a*b* color space, and
the two-dimensional a*b* space data was used for further
processing. For the case of c-Cbl, each pre-processed
image was first segmented into three clusters based on a
distance-based clustering algorithm. This approach finds
partitions in image data such that objects within each
cluster are close to each other and far from objects in other
clusters. From the three-segmented clusters, the surgical
pathologists then identified the cluster that encapsulated
the cytoplasmic area within the entire image. A size-based
filtering operation was then performed on the identified
cluster to eliminate all connected components that have
fewer than a threshold level of pixel area. The size of the
resulting sub-region was then estimated by computing the
fraction of the non-zero pixels within the entire image,
resulting in a measure of cytoplasmic c-Cbl content. For
the case of B-catenin, the same clustering algorithm was
used to first divide the full pre-processed image into three
clusters. As the goal was to measure nuclear -catenin,
separating the nuclei that contained B-catenin from the
other nuclei within the interstitial and other tissue regions
were necessary. Therefore, each of the three clusters
derived from the full pre-processed image was divided
into two sub-groups using the same clustering approach.
The surgical pathologists then identified the sub-grouped
image(s) that contained nuclear B-catenin and the total
fraction of the non-zero pixel area(s) from the image(s)
was estimated as a measure of total nuclear B-catenin.
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Mouse xenograft model

Female Nu/j mice (5-6 weeks old; 16-20 g) were
obtained from Jackson Laboratories. All mice were
housed in a specific pathogen-free environment and all
procedures were performed in a laminar airflow hood after
obtaining IACUC permission from Boston University
Medical Center. Stably ¢-Cbl silenced and control HT29
cell lines were maintained as adherent cultures in DMEM
containing 10% FBS at 37°C in a humidified atmosphere
of 5% CO,. Each mouse was inoculated subcutaneously at
the right flank with 7.5 x 106 cells in DMEM suspension
with 30% Matrigel (Corning). Tumor size was measured in
two dimensions using a caliper, and the tumor volume was
expressed in mm? using the formula: V=0.5/ x 2w, where /
and w are the length and width of the tumor, respectively.
Tumors were grown for three weeks before harvesting.

Immunohistochemistry

Xenograft tumor sections were fixed in 4%
paraformaldehyde in PBS and then processed for paraffin
embedding. Unstained 6 um paraffin-embedded sections
were deparaffinized and rehydrated through two changes
of xylene and a graded alcohol series and then rinsed in
dH,O. Antigens were retrieved by immersing sections
in a pressure cooker containing boiling 1X Antigen
Retrieval Citra Plus Solution (BioGenex) for 1 minute
at 100°C. Sections were rinsed in dH,O and processed
for immunostaining using EXPOSE Rabbit specific
HRP/DAB detection IHC kit (Abcam) according to the
manufacturer’s protocol. Sections were counterstained
with Harris Modified Hematoxylin (Fisher Scientific),
dehydrated through a series of graded alcohol series and
xylene, and mounted with EcoMount (BioCare Medical).
Primary antibodies were f-catenin (H-102; 1:250; Santa
Cruz Biotechnology) and PCNA (D3HS8P; 1:2500; Cell
Signaling Technology). c-Cbl antibody was validated
using a blocking peptide. Increasing concentrations of
¢-Cbl blocking polypeptide (Santa Cruz Biotechnology
Cat. # SC-170P) corresponding to amino acids 892-906
of human c-Cbl with sequence LREFVSISSPAHVAT
were used. Increasing concentrations of blocking peptide
were incubated along with 1:200 c-Cbl antibody (Santa
Cruz Biotechnology Cat. # SC-170) for 30 minutes at
room temperature before staining the paraffin-embedded
tumor section of patients with colorectal cancer. The slides
counterstained with H & E and images taken with the
same setting of the microscope.

Statistical analysis

Summary statistics are presented using the mean,
median, and SD. Either a Student’s t-test or Mann-

Whitney U test was performed to compare the groups as
appropriate. Spearman rank correlation was performed
to examine association between two variables. For RTK
inhibitors, a percent reduction for each value exposed
to a drug relative to the mean value in the control was
calculated and compared using a Wilcoxon rank sum test.
Statistical significance was assessed at the p < 0.05.
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