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Casitas B-lineage lymphoma (c-Cbl) is a recently identified ubiquitin ligase of nuclear b-catenin and a
suppressor of colorectal cancer (CRC) growth in cell culture and mouse tumor xenografts. We hypoth-
esized that reduction in c-Cbl in colonic epithelium is likely to increase the levels of nuclear b-catenin
in the intestinal crypt, augmenting CRC tumorigenesis in an adenomatous polyposis coli (APCD14/þ)
mouse model. Haploinsufficient c-Cbl mice (APCD14/þ c-Cblþ/�) displayed a significant (threefold)
increase in atypical hyperplasia and adenocarcinomas in the small and large intestines; however, no
differences were noted in the adenoma frequency. In contrast to the APCD14/þ c-Cblþ/þ mice, APCD14/þ

c-Cblþ/� crypts showed nuclear b-catenin throughout the length of the crypts and up-regulation of
Axin2, a canonical Wnt target gene, and SRY-box transcription factor 9, a marker of intestinal stem
cells. In contrast, haploinsufficiency of c-Cblþ/� alone was insufficient to induce tumorigenesis
regardless of an increase in the number of intestinal epithelial cells with nuclear b-catenin and SRY-box
transcription factor 9 in APCþ/þ c-Cblþ/� mice. This study demonstrates that haploinsufficiency of c-Cbl
results in Wnt hyperactivation in intestinal crypts and accelerates CRC progression to adenocarcinoma in
the milieu of APCD14/þ, a phenomenon not found with wild-type APC. While emphasizing the role of APC
as a gatekeeper in CRC, this study also demonstrates that combined partial loss of c-Cbl and inactivation
of APC significantly contribute to CRC tumorigenesis. (Am J Pathol 2020, 190: 602e613; https://
doi.org/10.1016/j.ajpath.2019.10.024)
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Colorectal cancer (CRC) is the third most commonly
diagnosed malignancy in the world. Although aggressive
surveillance programs and targeted therapies have sub-
stantially improved the management of CRC, it still con-
stitutes the fourth leading cause of cancer-related deaths1

and global burden is expected to increase to >2.2
million new cases and 1.1 million deaths by 2030.1,2 Most
CRC-related deaths are secondary to progression of the
disease and metastases. Consequently, it is imperative to
understand the factors influencing the initiation and
progression of CRC.
stigative Pathology. Published by Elsevier Inc
The Wnt/b-catenin pathway plays a seminal role in the
initiation and progression of tumors in a vast majority of
sporadic CRC cases.3,4 Loss-of-function mutations of
. All rights reserved.
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c-Cbl Deficiency Augments Colon Cancer
tumor suppressor adenomatous polyposis coli (APC )
drives CRC through b-catenin, the central mediator of
Wnt activity and a potent oncoprotein.5,6 In the proposed
model of Wnt signaling, wild-type APC binds to b-catenin
in the destruction complex within the cytosol. This bind-
ing induces b-catenin to undergo serine and threonine
phosphorylation that stamps it for degradation. b-Catenin
is predominantly regulated by ubiquitination and protea-
somal degradation by a set of E3 ubiquitin ligases
[namely, beta transducin repeat containing protein
(b-TrCP) and Jade-1].7e9 Inactivating mutations in APC
allow the escape of b-catenin from phosphorylation, its
nuclear translocation, and aberrant and relentless activa-
tion of proproliferative and pro-oncogenic Wnt target
genes in the nucleus, driving colorectal tumorigenesis.

Recent studies have shown that Casitas B-lineage lym-
phoma (c-Cbl) uniquely targets nuclear b-catenin for
degradation.8,10,11 c-Cbl is a really interesting new gene
(RING)-finger containing E3 ligase that targets b-catenin
and several receptor and nonreceptor tyrosine kinases.12 c-
Cbl interacts with the central armadillo region of b-catenin,
irrespective of its phosphorylation status at the N terminus.
This site of interaction on b-catenin allows c-Cbl to ubiq-
uitinate different species of b-catenin (namely, the wild-type
and mutant b-catenin, which lacks serine phosphorylation
residues, or active b-catenin in the setting of APC muta-
tion).10 Recent studies have shown that in CRC cells, c-Cbl
ubiquitinates nuclear b-catenin and targets it for proteaso-
mal degradation.8 In human CRC, the c-Cbl levels inversely
correlate with nuclear b-catenin and overall survival of pa-
tients with stage IV CRC.10 Xenografts in athymic mice
injected with CBL silenced cells showed significantly higher
nuclear b-catenin and rate of tumor growth.10

Although previous work has demonstrated c-Cbl as a
suppressor of mouse xenograft,10 there are no studies
examining its role in the model of spontaneous colon cancer
tumorigenesis. We further probed the role of c-Cbl in CRC
tumorigenesis using a mouse model of CRC. From several
models of CRC,13 APCD14/þ mice harboring a truncated
form of APC at codon 580, which deletes the putative
binding sites of b-catenin (15e and 20eamino acid repeats
downstream of the armadillo region), were chosen.14 This
APC mutation will allow b-catenin to escape phosphoryla-
tion and degradation by E3 ligases other than c-Cbl, and is
an appropriate model to validate the role of c-Cbl. More-
over, APCD14/þ mice bear several molecular, histopatho-
logic, and clinical features similar to human CRC.14 The
ApcMin model develops cancers principally in the small
intestine.13 In addition to the tumors in small intestines,
APCD14/þ mice develop tumors in distal colon and rectum,
which is similar to human CRC. Unlike the ApcMin model,
APCD14/þ mice showed early lesions and progression of
tumors from high-grade dysplasia to in situ adenocarci-
nomas similar to human CRC. Taken together, the similar-
ities to human disease in terms of lesion distribution and the
unique deletion of the critical armadillo domain provided
The American Journal of Pathology - ajp.amjpathol.org
strong rationale for selecting APCD14/þ mice over ApcMin as
the model for the current study. Although a knockout mouse
model is traditionally preferred for such purpose, our at-
tempts to generate a compound heterozygote APCD14/þc-
Cbl�/� mouse strain failed because of hypofertility in male
offspring given high expression of c-Cbl in the Sertoli cells
and apoptosis of sperm cells with reduced c-Cbl activity.15

However, haploinsufficiency of c-Cbl was sufficient to
reveal differences in the intestinal proliferative and
neoplastic phenotypes in mice.

Materials and Methods

Generation of APCD14/þ and c-Cbl Double-
Heterozygote Mice

All mice used in this study were bred and maintained at
Boston University Medical Center (Boston, MA) after
approval from the Institutional Animal Care and Use Com-
mittee (AN-15449). c-Cblþ/� male and female mice on C57/
BL6J background were obtained from Dr. Jeffrey Chiang
(National Cancer Institute, Bethesda, MD).16 Because of
ectoparasite infection of these animals, according to the pol-
icy of Institutional Animal Care and Use Committee, a clean
line of c-Cblþ/� was rederived using a standard in vitro
fertility protocol. Briefly, male mice were euthanized, and
sperm was extracted and preincubated in a medium with 0.25
mmol/L glutathione/Cook medium. After confirming the
sperm recovery, as determined by 100% motility, an in vitro
fertility protocol was performed. Donor eggs were obtained
from C57BL/6J female mice (Jackson Laboratory, Bar Har-
bor, ME; catalog number 000664 B6/J), which is the same
background as the original c-Cbl�/� mice. Fifteen 5-
weekeold females with moderately expanded or nearly
expanded ampullas were used, and 235 oocytes were har-
vested from 15 donors. A total of 156 zygotes were confirmed
using polar bodieswith 66% fertilization rate. All the embryos
were distributed evenly among five plugged recipientmothers
with nearly 16 embryos per oviduct. Subsequent offspring
were genotyped using a pair of primers for thewild-type allele
[CBL wild type, 50-GACGATAGTCCCGTGGAAGAGC-
TTTCGACA-30 (forward) and 50-CCTAAGTGGTAGGAT-
TATAATTGCAAGCCACCA-30 (reverse)] and a set of
primers for the knockout allele [CBL knockout, 50-TCCC-
CTCCCCTTCCCATGTTTTTAATAGACTC-30 (forward)]
and locus of x over P1 [LOX-P; 50-TGGCTGGACG-
TAAACTCCTCTTCAGAACCTAATAAC-30 (reverse)].

APCD14/þ male and female mice were obtained from Dr.
Daniel Rosenberg (University of Connecticut Health Center,
Farmington, CT). Offspring of the several breeding pairs
were genotyped using PCR and a set of primers for the
knockout allele Apc.Int13S (forward: 50-CTAGTACTTTT-
CAGACGTCATG-30) and Apc.Int14a (reverse: 50-CAA-
TATAATGAGCTCTGGGCC-30).

Once both c-Cblþ/� and APCD14/þ colonies were estab-
lished, breeding pairs were set up between these two strains
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to generate double-heterozygote animals. APCD14/þ mice
served as controls. Offspring of these pairs were genotyped
using both c-Cbl and APC primers to confirm double
deficiency.
Intestine Harvest and Quantification of Polyp

Mice were euthanized, and the colon and small intestine were
harvested. A gavage needle was used to flush the colon and
small intestine with 40 mL of ice-cold phosphate-buffered
saline. Organs were then stretched across filter paper, opened
longitudinally, and fixed in 10% formalin overnight at 4�C.
After fixation, organs were rehydrated in successive baths of
70% ethanol and phosphate-buffered saline. The tissue was
Swiss rolled, with the distal end of the intestine closest to the
center of the coil, and the proximal end at the outside.
Histology and Immunohistochemistry

Swiss rolled intestines were paraffin embedded and divided
into sections (5 mm thick) for histologic examination. Three
sections from different segments of the block were stained
with hematoxylin and eosin and graded by a veterinary
pathologist (N.C.) and a surgical pathologist (M.B. or Q.Z.) in
a blinded manner for detection of atypical hyperplasia,
adenoma, or adenocarcinoma. Additional sections were used
for immunohistochemistry or immunofluorescence staining.
Antibody

A set of prevalidated antibodies was used, as shown in
Table 1. c-Cbl antibody used (Santa Cruz Biotechnology,
Dallas, TX; catalog number sc-1651) detects a putative
epitope at amino acids 892 to 906 at the C terminus of
human Cbl, and it recognizes mouse and human c-Cbl by
Western blot analysis and immunohistochemistry. Although
both c-Cbl and casitas B lineage lymphoma B (Cbl-b) share
homology in several domains, the C-terminal region
recognized by the antibody (892 to 906) only shares four
amino acids (Supplemental Figure S1A). Therefore, it is
unlikely that this particular antibody cross-reacts with Cbl-b.
To ascertain this deduction, HEK 293T cells were trans-
fected with human c-Cbl and Cbl-b constructs, and cell
lysates were probed separately with prevalidated c-Cbl
(Santa Cruz Biotechnology; catalog number sc-1651) and
Cbl-b (Cell Signaling, Cambridge, MA; catalog number
9498) antibodies. Actin served as a loading control. Western
Table 1 Antibodies and Their Dilutions Used for the Study

Antibody Vendor

c-Cbl Santa Cruz Biotechnolog
Antieb-catenin BD Bioscience (Billerica,
SRY-box transcription factor 9 Millipore (Burlington, MA
Axin2 Abcam (Cambridge, UK)
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blot results showed that c-Cbl antibody does not cross-react
with Cbl-b, and vice versa (Supplemental Figure S1B).

Histopathologic Analysis

Hematoxylin and eosinestained tissue sections were exam-
ined by a board-certified veterinary pathologist (N.C.) blin-
ded to genotype. Some of the slides were also evaluated by a
board-certified surgical pathologist (Q.Z.) specializing in
abdominal cancers. Three sections taken at different depths of
the block were examined for each animal, each containing
three Swiss roll tissue sections (proximal small intestines,
distal small intestines, and colon). Lesions were classified as
atypical hyperplasia, adenoma, or adenocarcinoma on the
basis of preexisting criteria described in the International
Harmonization of Nomenclature and Diagnostic Criteria for
Lesions in Rats and Mice project for nonproliferative and
proliferative lesions of the gastrointestinal tract, pancreas, and
salivary glands of the rat and mouse.17

RT-PCR of CBL mRNA

Organs of c-Cblþ/þ and c-Cblþ/� mice were harvested and
stored at �80�C until RNA extraction was performed. RNA
was extracted using the RNeasy Mini Kit from Qiagen
(Hilden, Germany; 74104). Tissue (15 mg) was homoge-
nized in 350 mL of RLT buffer, and processed according to
the kit’s protocol. Concentration and purity of the RNA
were measured, and cDNA was generated using an RT-PCR
kit from Applied Biosystems (Foster City, CA; 4368814). c-
Cbl mRNA was quantified by quantitative real-time PCR
using the animals’ cDNA and TaqMan gene expression
probes from Thermo Fisher (Waltham, MA; 4331182).

Statistical Analysis

Summary statistics are presented using the mean, median,
SD, and SEM. Differences in the pathologic features be-
tween the two groups were analyzed using contingency
table and Fisher exact test. Two-tailed P < 0.05 was
considered statistically significant.

Results

The expression of c-Cbl was first examined in colonic
epithelium in wild-type C57BL/6J mice. Although c-Cbl
was expressed in the epithelial cells of both small and large
intestines, its expression was higher in the upper part of
Catalog no. Dilution

y (Dallas, TX) sc-1651 1:100
MA) 610,154 1:100
) ABE571 1:100

ab32179 1:50
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Figure 1 Inverse relationship of c-Cbl expression and nuclear b-catenin
in normal mouse colonic epithelial cells. A: Consecutive sections of intestine
from 10- to 12-weekeold wild-type mice were stained with c-Cbl and b-
catenin antibodies and counterstained with hematoxylin. Representative
images of a colonic crypt are shown. The top of the crypt shows cells with
membrane (M) and cytosolic b-catenin, and the bottom of the crypt has cells
with nuclear (N) b-catenin (arrowhead). B: Intestines from five wild-type
mice were stained with c-Cbl and b-catenin antibodies and counterstained
with hematoxylin. Ten randomly selected colon crypts were examined by two
surgical pathologists in a blindedmanner (M.B and Q.Z.). The expression of c-
Cbl was recorded as low and high, and cells with nuclear b-catenin were
counted per crypt. t-test was applied to compare the number of cells
expressing nuclear b-catenin. C: The structure of a normal colonic crypt with
the base of the crypt harboring proliferating cells with higher Wnt activity.
The top of the colon crypts harbors differentiated cells with the lower Wnt
activity. A gradient in c-Cbl expression was noted along the crypt-villus axis,
which was inverse to that of the Wnt activity, as reflected by the presence of
nuclear b-catenin. Error bars indicate SEM (B). ***P < 0.001. Scale
bars Z 25 mm (A).

c-Cbl Deficiency Augments Colon Cancer
colonic crypts compared with the base of the crypt
(Figure 1A). Consistent with previous reports,18 the upper
part of the crypt showed membrane and cytosolic b-catenin,
but no nuclear b-catenin, whereas some of the cells in the
The American Journal of Pathology - ajp.amjpathol.org
base of the crypts were positive for nuclear b-catenin
(Figure 1A). The initial assessment showed a potential in-
verse relationship between the expression of c-Cbl and nu-
clear b-catenin in the intestinal epithelial cells. To
objectively demonstrate this relationship, c-Cbleexpressing
cells in the crypt and the number of cells positive for nuclear
b-catenin were examined by a surgical pathologist (M.B.)
blinded to the specimens. Expression of c-Cbl was graded
semiquantitatively (low and high) in each cell, and the
localization of b-catenin was determined. The number of
cells positive for nuclear b-catenin was normalized to the
number of cells in a crypt. A greater number of colonic cells
with lower expression of c-Cbl showed nuclear b-catenin
(14 þ 6.8 cells/crypt) compared with the ones with higher
expression of c-Cbl (5.2 þ 4.3 cells/crypt; P < 0.001).
These results suggested an inverse relationship between
c-Cbl and nuclear b-catenin (Figure 1B).

These results suggested that cells with lower c-Cbl
expression had more nuclear b-catenin, supporting an inverse
relationship between c-Cbl and nuclearb-catenin (Figure 1B).

The crypt typically consists of a proliferative compart-
ment at the base in both the small intestine and the colon, as
well as a differentiated, functional compartment, consisting
of the villus in the small intestine and the luminal surface in
the colon.18 Studies have shown that multipotent stem cells,
located near the base of the crypts, generate new cells,
which migrate to the villus while differentiating into enter-
ocyte, goblet, and enteroendocrine cells.19 The base of the
crypt is known to harbor cells positive for nuclear b-catenin,
driving higher Wnt activity.20e23 As the colonic epithelial
cells move up along the villus axis, nuclear b-catenin is
down-regulated, and Wnt activity is switched off, inducing
cell cycle arrest and differentiation20e23 (Figure 1C). The
apices of crypts characterized by more differentiated cells
showed higher c-Cbl expression and a significantly lower
number of cells with nuclear b-catenin. We therefore
posited that the reduction in c-Cbl in the colonic epithelium
is likely to increase an aberrant expression of nuclear b-
catenin throughout the crypt.

This hypothesis was examined in APCD14/þ mice that
show spontaneous tumorigenesis in their small and large
intestines. c-Cblþ/� mice on C57BL/6 background were
bred with APCD14/þ mice (on the same background) to
generate a compound heterozygote APCD14/þ c-Cblþ/�

mouse strain. Mice were genotyped to determine the pres-
ence of APCD14/þ and c-Cblþ/� alleles (Figure 2A).
Reduction in c-Cbl at both mRNA and protein levels was
confirmed in these mice in various tissues. c-Cbl is highly
expressed in the testes15 and hematological cells in the
spleen.24 c-Cbl mRNA extracted from the spleen was
significantly reduced in c-Cblþ/� mice, as confirmed by RT-
PCR (Figure 2B). As expected, lysates from the testes
showed close to 50% reduction in c-Cbl protein in c-Cblþ/�

mice (Figure 2C). The colons of mice sacrificed at 12 weeks
of age were further examined using immunohistochemistry.
c-Cbl expression was substantially reduced in the colonic
605
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epithelium, especially in the cells at the apices of the crypts
(Figure 2D).
Mice were typically sacrificed at three different ages: �10

to 12 weeks, 12 to 16 weeks, and �16 weeks of age, for a
maximum duration of 24 weeks. The entirety of the intestine
tract from these mice was examined using a Swiss roll
technique, followed by a detailed histopathologic anal-
ysis25,26 (Table 2). Examination of hematoxylin and
eosinestained sections revealed atypical hyperplasia, ade-
nomas, and adenocarcinoma phenotypes in both small in-
testines and the colon (Figure 3). There was a higher
incidence of atypical hyperplasia in both proximal and distal
small intestines of c-Cbledeficient mice. After 16 weeks of
age, only 62.5% of APCD14/þ c-Cblþ/þ mice showed evi-
dence of atypical hyperplasia in the proximal small intestine
(n Z 8), whereas all APCD14/þ c-Cblþ/� mice (n Z 8)
showed evidence of atypical hyperplasia in that region
(P Z 0.02). Similarly, 66% of APCD14/þ c-Cblþ/þ mice
showed evidence of atypical hyperplasia in the distal small
intestines, whereas all APCD14/þ c-Cblþ/� mice showed
evidence of atypical hyperplasia in that region (P Z 0.05).
This atypical hyperplasia was characterized by focal pro-
liferation of intestinal epithelial cells and was noted mostly
at the surface of the apical villus. Some of the atypical
hyperplasia was seen in the Brunner gland. Adenomas were
mostly tubular or tubulopapillary in morphology. Although
no significant differences in adenocarcinomas were noted in
the proximal small intestines between the two groups, 14%
of APCD14/þ c-Cblþ/þ versus 55% of APCD14/þ c-Cblþ/�

mice displayed evidence of adenocarcinomas in the distal
small intestines (P < 0.001) (Figure 3).
Interesting differences were noted in the colon of the two

groups at the earlier time points. For example, between
Figure 2 Generation of a compound heterozygote APCD14/þ c-Cblþ/�

mouse strain. A: APCD14/þ mice were cross-bred with c-Cblþ/� mice to
generate a compound heterozygote mouse strain. Each mouse was geno-
typed for c-Cbl (top panel) and APCD14/þ (bottom panel). c-Cbl was
determined by the presence of either one product or two products, when
using a distinct set of primers for the wild-type (WTp) and knockout (KOp)
primers (Materials and Methods). APCD14/þ was determined by the presence
of a PCR product of approximately 265 bp. Representative image of gen-
otyping performed for all the mice used in the current study. B: RT-PCR was
used to confirm reduction in CBL mRNA. Average of three independent
experiment is shown. t-test was used. C: The testes of mice were harvested,
and the lysates were probed for c-Cbl and actin, which served as a loading
control. ImageJ software version 2.0.0-rc-9 (NIH, Bethesda, MD; https://
imagej.nih.gov/ij) was used to normalize the c-Cbl band and is depicted
below the c-Cbl immunoblot. Representative immunoblots from three
experiments are shown. D: Colonic tissue of mice was stained for c-Cbl
and counterstained with hematoxylin. Representative images from 25
APCD14/þ c-Cblþ/þ mice and APCD14/þ c-Cblþ/� mice are shown. Isotype
control antibody serves as a negative control. The bottom part of each
panel corresponds to the top of the epithelial layer of intestinal crypt
shown in the top part of a panel. Error bars indicate SEM (B). **P < 0.
01, ***P < 0.001 versus APCD14/þ c-Cblþ/þ. Scale bars Z 25 mm (D,
top panels). Original magnification: �100 (D, top panels); �200 (D,
bottom panels). WB, Western blot.
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Table 2 Percentage of Mice with the Intestinal Phenotype in Both the Groups

Variable

Proximal small intestine Distal small intestine Colon

APCD14/þ c-Cblþ/þ APCD14/þ c-Cblþ/� APCD14/þ c-Cblþ/þ APCD14/þ c-Cblþ/� APCD14/þ c-Cblþ/þ APCD14/þ c-Cblþ/�

Atypical
hyperplasia

62.5* 100* 71* 100* 0 0

Adenoma 85 88 85 88 11 11
Adenocarcinoma 15 0 14* 45* 33*y 55*

All the data represent percentages of mice (aged >16 weeks) with the phenotype.
*P < 0.05.
yMice aged 12 to 16 weeks.

c-Cbl Deficiency Augments Colon Cancer
12 and 16 weeks, a higher proportion of APCD14/þ c-Cblþ/�

mice (25%) showed atypical hyperplasia in colon compared
with no lesions in APCD14/þ c-Cblþ/þ mice (P < 0.001).
Also, in the same period, 55% of APCD14/þ c-Cblþ/� mice
showed adenocarcinoma compared with 33% in APCD14/þ

c-Cblþ/þ mice (P Z 0.05). Because no disruption of mus-
cularis mucosa was noted in most of those cases, the tumors
were categorized as adenocarcinoma in situ. Adenocarci-
nomas showed poorly differentiated complex glandular
structures, nuclear stratification, higher mitotic index, and
increased number of aberrant, tortuous structures with cystic
degeneration. However, no statistical differences in the
pathologic features of adenocarcinomas were noted among
Figure 3 Adenoma and adenocarcinoma increase with reduction in c-Cbl
activity. A: Hematoxylin and eosin (H&E) staining of atypical hyperplasia in
the proximal small intestine of APCD14/þc-Cblþ/þ and APCD14/þ c-Cblþ/�

mice. Representative images from eight APCD14/þc-Cblþ/þ and APCD14/þ

c-Cblþ/�mice are shown. B: Representative images of H&E-stained adeno-
carcinoma in the distal small intestine of both the groups of mice are shown.
C: Representative images of H&E-stained adenocarcinoma in the colon of
both the groups of mice are shown. Original magnification, �40 (AeC).

The American Journal of Pathology - ajp.amjpathol.org
both the groups. All the above data suggested that the
APCD14/þ c-Cblþ/� mice developed early lesions and pro-
gression to adenocarcinomas.

Because c-Cbl and nuclear b-catenin exhibit an inverse
relationship in the colonic epithelium (Figure 1) and the
reduction in c-Cbl activity increased colonic tumors and their
progression, we hypothesized that the reduction in c-Cbl
activity is likely to increase nuclear b-catenin throughout the
colonic crypt. The above contention was examined in the
normal colonic crypt between APCD14/þ c-Cblþ/� and
APCD14/þ c-Cblþ/þ mice. As expected, APCD14/þ c-Cblþ/þ

mice showed nuclear b-catenin prominently at the base of the
crypt, and b-catenin was seen primarily in the cytosol or
membrane of intestinal cells at the apices of crypts. In
contrast, c-Cbl deficiency was characterized by colonic
epithelial cells with nuclear b-catenin throughout the entirety
of crypt and at the top of the intestinal crypt (Figure 4, A and
B), as well as by increased nuclear expression at the base of
the colonic crypt (Figure 4C). APCD14/þ c-Cblþ/� crypts
had threefold greater percentage of colonic epithelial cells
with nuclear b-catenin (67.5% þ 25.10%) compared with
APCD14/þ c-Cblþ/þ mice (22.14% þ 10.5%; P < 0.001)
(Figure 4D). Taken together, these data suggested that partial
loss of c-Cbl resulted in a significant increase in colonic
epithelial cells showing nuclear b-catenin throughout the
crypts, including the apices. The presence of nuclear b-cat-
enin at the apices of intestinal crypt with the reduction in
c-Cbl is in stark contrast with the APCD14/þ c-Cblþ/þ mice,
which showed no nuclear b-catenin in that above region
(Figure 1B).

The presence of nuclear b-catenin along the crypt-villus
axis suggests activation of Wnt signaling throughout the in-
testinal crypts of APCD14/þ c-Cblþ/� mice. Wnt target genes
are cell type specific.5,27 In colonic epithelium, AXIN2 is a
well-established direct target of b-catenin. Axin2 promoter
contains eight T-cell factor/lymphoid enhancer factor
consensus binding sites, which drive rapid induction of Axin2
mRNA and protein with Wnt activation.28 Therefore, Axin2
expression was examined in the two groups of mice using
immunofluorescence staining and DAPI staining for the
nuclei (Figure 5A). There was a greater number of colonic
epithelial cells per crypt expressing Axin2 in APCD14/þ

c-Cblþ/� mice compared with APCD14/þ c-Cblþ/þ mice.
Analysis of nuclear Axin2 in intestinal cells was performed
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Figure 5 Increase in nuclear Axin2 in colonic epithelial cells of mice
with decreased c-Cbl expression. A: Immunofluorescence images of colonic
tissue stained for Axin2 from mice of both the groups. Representative
images from APCD14/þc-Cblþ/þ and APCD14/þ c-Cblþ/� mice are shown. B:
Representative images of the intestinal tissue from mice, as described in A,
were stained with DAPI. Both the images were merged. Yellow arrowheads
indicate the cytosol; white arrowheads, the nuclear Axin2. C: Colonic
epithelial cells at the base of crypts displaying nuclear Axin2 were counted
and expressed as the percentage of total number of cells. Average of
percentage cells positive for nuclear Axin2 from five randomly selected
images from five mice from each group is shown. Error bars indicate SD (C).
n Z 8 mice per each group (B). *P < 0.05 (t-test). Original magnification:
�200 (A and B, main images); �400 (B, insets).

Figure 4 Aberrant expression of nuclear b-catenin throughout crypts with
reduction in c-Cbl activity. A: Immunohistochemistry of b-cateninestained
sections of colonic tissue from both the groups of mice is shown. Slides were
counterstained with hematoxylin. Images were focused on cells at the top of
colonic crypt. B and C: Representative images of the intestinal tissue (B) and
the base of the crypt (C) frommice, as described inA.D: Colonic epithelial cells
at the base of crypts displaying nuclear b-catenin were counted and expressed
as the percentage of total number of cells. Average of percentage cells positive
for nuclear b-catenin from 10 randomly selected crypts from five mice from
each group is shown. t-test was performed. Arrowheads indicate cells with
nuclear b-catenin. Error bars indicate SD (D). nZ 8 per each group (B and C).
***P < 0.001. Scale bars Z 25 mm (B and C). Original magnification: �400
(A); �100 (B and C).

Richards et al
on five random images from the intestinal sections of mice
from both the groups and examined in a manner blinded
(M.B.) to the identity of the samples. Cells positive for nu-
clear Axin2 were counted in proportion to the total number of
cells within the crypt. A total of 20% þ 6.9% of intestinal
cells of APCD14/þ Cblþ/þ mice showed nuclear Axin2,
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whereas there was close to a twofold increase in cells bearing
nuclear Axin2 in APCD14/þ Cblþ/� mice (39.2% þ 13.52%;
P Z 0.025) (Figure 5, B and C). Although Axin2 is
considered a negative regulator of Wnt signaling29 and its up-
regulation in colonic epithelial cells prevents relentless in-
duction of oncogenic Wnt target genes, such as MYC,30

Axin2 drives oncogenic activity through induction of
Snail1, a key regulator of functional epithelial-mesenchymal
transition program.31
ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 Increase in nuclear SOX9 in intestinal cells with reduced c-Cbl
activity. A: Immunohistochemistry of SOX9-stained sections of colonic
tissue from both the groups of mice. Slides were counterstained with he-
matoxylin. Representative images from APCD14/þ c-Cblþ/þ and APCD14/þ c-
Cblþ/� mice are shown. B: Representative images of the base of the crypt
from mice as described in A. C: Colonic epithelial cells at the base of crypts
displaying nuclear SOX9 were counted and expressed as the percentage of
total number of cells per crypt. Average of percentage cells positive for
nuclear SOX9 from 10 randomly selected crypts from five mice from each
group is shown. Yellow arrowheads indicate cells without nuclear SOX9;
black arrowheads, cells with nuclear SOX9. Error bars indicate SD (C).
**P < 0.01 (t-test). Scale bars: 25 mm (A); 10 mm (B). Original magnifi-
cation: �100 (A); �200 (B).

c-Cbl Deficiency Augments Colon Cancer
SRY-box transcription factor 9 (SOX9) is a transcription
factor that belongs to the superfamily of high-mobility group
domain transcription factors. It is a well-established down-
stream gene of b-catenin, which contributes to the mainte-
nance of progenitor phenotype.32 SOX9 is normally
expressed at the base of the colonic crypt, where it regulates
Paneth cell differentiation.33 As a Wnt target gene, the
expression of SOX9 was examined in APCD14/þ c-Cblþ/�

and APCD14/þ c-Cblþ/þ mice. Examination of immunohis-
tochemistry revealed significantly more SOX9 expression
throughout the intestinal crypts of c-Cbl deficient mice
(Figure 6A). Comparison of the number of intestinal cells
with nuclear SOX9 was performed on 10 random images
from the intestinal sections of two experimental groups
examined in a manner blinded (M.B.) to the identity of the
samples. A total of 1.7% þ 1.9% of intestinal cells/crypt of
APCD14/þ Cblþ/þ mice showed nuclear SOX9, whereas there
was fivefold increase in cells bearing nuclear SOX9 in
APCD14/þ Cblþ/� mice (9.9% þ 5.42% cell/crypt;
PZ 0.003) (Figure 6, B and C). Taken together, these results
are consistent with the notion that partial c-Cbl deficiency in
the setting of inactivation of APC results in increased nuclear
b-catenin and expression of Wnt target genes in the colonic
epithelium. Because Wnt activation drives the transformation
of atypical hyperplasia to adenoma and plays a role in
pathogenesis of adenocarcinoma,3,6 these findings are in line
with the increased proportion of mice with colonic lesions
with haploinsufficiency of c-Cbl (Figure 2).

Silencing of c-Cbl in endothelial and epithelial cells in-
creases nuclear b-catenin and Wnt activity and cell
typeespecific Wnt target genes.7,8,34 It was therefore
examined if c-Cbl deficiency alone on wild-type APC
background exhibits the evidence of hyperactive Wnt
signaling in the intestinal epithelium and if it is associated
with the development of adenomas or adenocarcinomas.

To this end, a set of c-Cblþ/� mice with wild-type APC
were examined and compared with c-Cblþ/þ mice. Geno-
types of these mice were confirmed using DNA derived
from tail clipping. Spleens of these mice accordingly
showed close to 50% reduction in CBL mRNA and c-Cbl
protein (Figure 7, A and B). c-Cblþ/� mice showed higher
expression of c-Cbl in the top of the crypts, which was
reduced compared with c-Cblþ/þ mice (Figure 7C).

These c-Cblþ/� mice were followed up for 4 months, and
their intestines were processed as above. b-Catenin staining
of the intestinal crypts showed a greater number of nuclear
b-cateninepositive colonic epithelial cells at the base of the
crypts in c-Cblþ/� mice than in c-Cblþ/þ mice (Figure 8, A
and B). In the same vein, SOX9 was found in the nuclei of
colonic epithelial cells of c-Cblþ/� mice, whereas it was
mostly cytosolic in c-Cblþ/þ mice (Figure 8, BeD). Further
analysis of number of intestinal cells positive for nuclear b-
catenin and SOX9 was performed between c-Cblþ/þ and c-
Cblþ/� mice. Ten randomly selected bases of the crypts
were examined in a blinded manner (M.B.). The cells pos-
itive with the nuclear b-catenin or SOX9 were counted and
The American Journal of Pathology - ajp.amjpathol.org
normalized per crypt. A total of 2.5% þ 1.5% of intestinal
cells/crypt of Cblþ/þ mice showed nuclear b-catenin,
whereas there was sixfold increase in cells bearing nuclear
b-catenin in Cblþ/� mice (24.9% þ 16.68% cell/crypt;
P < 0.001). An approximately fivefold increase in nuclear
SOX9 was noted in Cblþ/� mice compared with Cblþ/þ

mice (Cblþ/� mice versus Cblþ/þ mice, 11.3% þ 13.5%
versus 1.5% þ 2.0% of intestinal cells/crypt; P Z 0.033).
Both these data suggest increase in Wnt target genes, nu-
clear b-catenin, and SOX9 (Figure 9). Despite these signs of
609
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activated Wnt signaling, histopathologic analysis of the in-
testines of these mice showed no evidence of adenoma or
other intestinal lesions. These results indicated that hap-
loinsufficiency of c-Cbl alone is not sufficient to drive
tumorigenesis and that c-Cbl needs APC inactivation for it
to allow progression of the lesion.35
Discussion

The current study demonstrates that the haploinsufficiency
of c-Cbl on the background of APC mutation is sufficient to
drive nuclear b-catenin and Wnt activity in the intestinal
epithelium and results in increased frequency of atypical
hyperplasia and adenocarcinoma development in mice.
Interestingly, although there was no difference in the fre-
quency of adenomas between the two groups, the results
from this work indicated that loss of c-Cbl augmented the
progression of lesions to adenocarcinoma. This notion was
further supported by the fact that some of the lesions in the
colon were noted earlier (12 to 16 weeks) in APCþ/þ c-
Cblþ/� mice. In addition, adenomas or other lesions were
not observed in the intestines of APCþ/þ c-Cblþ/� mice
followed up to 6 months. Although long-term changes in c-
Cblþ/� mice were not examined in this study, these obser-
vations suggest that c-Cbl alone may not be sufficient to
initiate CRC tumorigenesis. These results are consistent
with the current understanding of the gatekeeper function of
APC in initiating colon adenoma formation and support the
multihit model of CRC pathogenesis.6,35 This work high-
lights a previously unrecognized role of c-Cbl in solid organ
tumorigenesis, whereas traditionally myeloproliferative
disorders have remained the focus for c-Cbl biology.36

Sporadic colorectal cancer, which represents most human
CRC, develops from normal colonic epithelium in an
interdigitated set of well-defined histopathologic changes.
The progression of CRC is characterized by a plethora of
genetic and epigenetic alterations,35 and Wnt signaling is
considered to play critical roles in several steps of CRC
tumorigenesis. The association of reduced c-Cbl activity
with an increased proportion of mice with adenocarcinomas
may suggest that c-Cbl contributes to the progression of
Figure 7 c-Cblþ/� mice show reduced levels of c-Cbl in other organs and
in intestinal epithelial cells. A: RT-PCR was used to confirm reduction in CBL
mRNA. Average of three independent experiment is shown. t-test was used.
B: The kidneys were harvested and the lysates were probed for c-Cbl and
actin, which served as a loading control. ImageJ software version 2.0.0-rc-
9 (NIH, Bethesda, MD; https://imagej.nih.gov/ij) was used to normalize the
c-Cbl band and is depicted below the c-Cbl immunoblot. Representative
immunoblot from three experiments is shown. C: Colonic tissue of mice
was stained for c-Cbl and counterstained with hematoxylin. Representative
images from 25 APCD14/þ c-Cblþ/þ mice and APCD14/þ c-Cblþ/� mice are
shown. Error bars indicate SEM (A). **P < 0.01 versus c-Cblþ/þ; yyyP < 0.
001 versus CBLþ/þ. Scale bar Z 25 mm (C). Original magnification, �100
(C). WB, Western blot.
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Figure 9 Increased number of cells with nuclear b-catenin and SOX9 in
c-Cblþ/� mice. A and B: Colonic epithelial cells at the base of crypts,
displaying nuclear b-catenin or SOX9, were counted and expressed as the
percentage of total number of cells per crypt. Averages of percentage cells
positive for nuclear b-catenin or SOX9 from 10 randomly selected crypts
from five mice from each group are shown. Error bars indicate SD (A and B).
*P < 0.05, ***P < 0.001 (t-test).

Figure 8 c-Cblþ/� mice show increased number of cells with nuclear b-
catenin. A: Immunohistochemistry of b-cateninestained sections of
colonic tissue from both the groups of mice. Slides were counterstained
with hematoxylin. Representative images from APCþ/þc-Cblþ/þ and APCþ/þ

c-Cblþ/� mice are shown. B: Representative images of the base of the crypt
from mice, as described in A. Arrowheads indicate cells expressing nuclear
b-catenin. C: Immunohistochemistry of SOX9-stained sections of colonic
tissue from both the groups of mice. Slides were counterstained with he-
matoxylin. Representative images from APCþ/þc-Cblþ/þ and APCþ/þ c-
Cblþ/� mice are shown. Arrowheads indicate negatively stained nuclei in
APCþ/þ c-Cblþ/þ and positively stained nuclei in APCþ/þ c-Cblþ/�. D:
Representative images of the base of the crypt stained for SOX9 from mice.
Arrowhead indicates cells expressing nuclear b-catenin. Scale bars: 25 mm
(A and C); 10 mm (B and D). Original magnification: �100 (A and C); �200
(B and D).

c-Cbl Deficiency Augments Colon Cancer
adenoma to adenocarcinomas. This observation prompted
the question as to why reduction in c-Cbl activity was not
associated with an increase in the adenomas, given the
central role of Wnt signaling in the conversion of normal
epithelial cells to adenoma. It is plausible that the reduction
in c-Cbl may be compensated by other mechanisms or other
ubiquitin E3 ligases. E3 ligases of b-catenin, such as
b-TrCP and Jade-1, bind and degrade wild-type phosphor-
ylated b-catenin,7,9 not hypophosphorylated b-catenin, a
species dominant in the presence of inactivated APC.
However, further studies are needed to elucidate potential
underlying mechanisms that compensate for the loss of
The American Journal of Pathology - ajp.amjpathol.org
c-Cbl in early phase of CRC tumorigenesis but not in the
late phase.

One potential mechanism by which loss of c-Cbl could
contribute to CRC tumorigenesis is regulation of cancer
stem cells as loss of c-Cbl increased SOX9 expression,
which is a marker for stem cells in intestine. Recent
work has implicated cancer stem cells as the initiators of
CRC, and Wnt signaling is implicated in generating the
cancer stem cells from normal stem cells or noncancer
stem cells at the base of the crypt.37 Cancer stem cells
are responsible for conversion of adenoma to adenocar-
cinoma and then subsequently invade the local milieu to
metastasize in blood. This particular process is orches-
trated by Wnt signaling by maintaining the stem cells in
a dormant state to ensure their survival during this pro-
cess. Up-regulation of Wnt activity in these metastatic
cells leads them to homing in distant organs and allows
for the initiation of the metastatic foci.37 Whether c-Cbl
activity is involved in these processes requires further
investigation.

Another important aspect of c-Cbl in CRC is pattern of its
expression. A colonic crypt shows a gradient in the
expression of c-Cbl along the crypt-villus axis, with the
lowest expression at the base of the crypt and the highest
expression at the apices of the crypts, suggesting a poten-
tially important role for c-Cbl in a distinct population of
intestinal epithelial cells. The apical part of the crypt usually
harbors differentiated cells and is not expected to have cells
with nuclear b-catenin. There can be various explanations
for the mechanisms that lead to the c-Cbl gradient along the
crypt-villus axis. It is likely that the gradient in the levels of
c-Cbl is maintained by the epigenetic regulation of CBL or
post-translational modification of c-Cbl protein. c-Cbl un-
dergoes several post-translational modifications, such as
phosphorylation at the exposed tyrosine residues. It is an E3
611
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ubiquitin ligase, which are known to undergo autoubiquiti-
nation or deubiquitination.38

c-Cbl has several targets, including receptor tyrosine ki-
nases, such as c-Met, and nonreceptor tyrosine kinases, such
as c-Src, that are up-regulated in CRC.12 Although c-Cbl
directly interacts with b-catenin and regulates Wnt signaling
independent of these other pathways, the contribution of
other mitogens regulated by c-Cbl cannot be ruled out.

c-Cbl has a translational potential in CRC.39 In combi-
nation with previous data, this work supports the notion that
c-Cbl down-regulates two key components of CRC-
epithelial tumorigenesis and tumor-induced angiogen-
esis.11,40,41 In CRC cells, c-Cbl suppresses the growth of
colon cancer cells by down-regulating Wnt signaling and
suppressing nuclear b-catenin.10 In fact, the expression of c-
Cbl in colorectal tumors inversely correlated with the
overall survival of human stage IV CRC patients.34 c-Cbl
also suppresses other mitogenic proteins, such as c-MET,
platelet-derived growth factor, and fibroblast growth factor,
that are up-regulated in colorectal and other cancers.12 At
the same time, c-Cbl inhibits tumor-induced angiogenesis
by targeting Wnt/b-catenin pathway and phospholipase
C g-1evascular endothelial growth factor receptor 2 sig-
naling,40,42e44 Angiopoietin (1/2)eTie2 axis, and other
tyrosine kinases.40,41 The crystal structure of c-Cbl has
provided an interesting hypothesis-generating insight into
conversion of autoinhibition conformation of c-Cbl to an
active conformation. The phosphorylation of specific tyro-
sine residue(s) in this process can be perturbed to leverage
therapeutic value of c-Cbl.45 Together with previously
published work, the current study demonstrates c-Cbl as a
Wnt inhibitor in the colonic epithelium and a suppressor of
CRC tumorigenesis.8,10,11 Given the versatile role of c-Cbl
in the biology of CRC cancer,39 investigations to examine c-
Cbl as a marker for overall prognosis and other aspects of
CRC, such as responsiveness to targeted therapeutic agents,
will pave the path forward for its translational application.
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