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Abstract

The Ron receptor tyrosine kinase is overexpressed in approximately half of all human colon
cancers. Increased Ron expression positively correlates with tumor progression, and reduction of
Ron levels in human colon adenocarcinoma cells reverses their tumorigenic properties. Nearly all
colon tumors demonstrate loss of the adenomatous polyposis coli (APC) tumor suppressor, an
early initiating event, subsequently leading to p-catenin stabilization. To understand the role of
Ron in early-stage intestinal tumorigenesis, we generated Apc-mutant (ApcMi"*) mice with and
without Ron signaling. Interestingly, we report here that significantly more ApcMin* Ron-
deficient mice developed higher tumor burden than ApcMi"+ mice with wild-type Ron. Even
though baseline levels of intestinal crypt proliferation were increased in the ApcMiV+ Ron-
deficient mice, loss of Ron did not influence tumor size or histological appearance of the ApcMin/+
adenomas, nor was f-catenin localization changed compared to ApcMi"* mice with Ron.
Together, these data suggest that Ron may be important in normal intestinal tissue homeostasis,
but that the expression of this receptor is not required for the formation and growth of adenomas in
ApcMin* mice.
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Introduction

The adenomatous polyposis coli (APC) tumor suppressor gene is mutated in the majority of
sporadic human colon cancers [1]. Patients with familial adenomatous polyposis (FAP)
inherit a germline mutation in APC that causes the development of hundreds to thousands of
colon polyps at a young age, some of which will progress into carcinomas if not removed
[1,2]. The ApcMiM* mouse serves as a useful model of FAP; germline mutation of the mouse
Apc gene results in multiple spontaneous adenomatous polyps that demonstrate loss of
heterozygosity of the wild-type Apc allele [3,4]. One important difference between FAP and
the ApcMi+ model is that the adenomas in ApcMi* mice do not progress to carcinomas
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without additional chemical insults or genetic alterations, perhaps due to the short lifespan
of the animals as a result of the intestinal obstruction and anemia from tumor burden [4-6].
At the molecular level, ApcMi* adenomas, as well as inherited and sporadic human
colorectal tumors, demonstrate cytosolic and nuclear accumulation of the transcription co-
activator -catenin. f-catenin is a tightly regulated effector of APC, whose activity and the
expression of its transcriptional targets contributes significantly to tumor development when
Apc is inactivated [7-9]. The ApcMi"* model has been useful in testing the importance of a
variety of signaling pathways and tumor markers, such as EGFR, MMP7, and iNOS in
intestinal tumorigenesis using genetic and pharmacological approaches [10-12].

Recently, studies have shown that the heterodimeric transmembrane receptor tyrosine kinase
Ron, a member of the Met tyrosine kinase family, may be important in human colon cancer
[13,14]. Ron is overexpressed, constitutively phosphorylated, and activated in many cancer
types, including primary human sporadic colon cancer and in the colon cancer cell lines
Colo201, HT-29, and HCT116 [13-17]. Activation of the Ron receptor occurs upon binding
of the ligand, hepatocyte growth factor-like protein (HGFL), which induces receptor
tyrosine phosphorylation and activation [18,19]. The downstream effects of Ron activation
are vast and include cell proliferation, cell cycle progression, cell motility, angiogenesis, cell
survival, apoptosis, cellular transformation, tumor progression, and metastasis [20]. The
PI3K, MAPK, Ras, Src, Fak, and p-catenin signaling pathways have all been implicated in
mediating the signal from Ron to exert these effects [13,15-17,21-24]. These features make
Ron an attractive therapeutic target for cancer; however, very little is known about its role in
colorectal tumorigenesis in vivo. Therefore, we sought to determine the in vivo role of Ron
in intestinal tumorigenesis using the well-characterized ApcMi"* mouse model, since APC
loss is an early event in sporadic colon cancer [1,3,25,26]. In this report, we demonstrate
that Ron is expressed in the non-transformed intestinal epithelium and adenomas in the
ApcMi'+ mice. By generating ApcMi* mice that lack the tyrosine kinase domain of the Ron
receptor (RonTK™/7), we show that Ron is not required for intestinal tumor initiation, and its
loss leads to an increase in the number of animals exhibiting higher tumor numbers
compared to control ApcMiV*+ mice, perhaps due to enhanced proliferation in the
morphologically normal intestine.

Materials and Methods

Animals

ApcMin* mice on a C57BL/6J background (The Jackson Laboratory) were crossed with Ron
receptor tyrosine kinase domain knockout mice (RonTK™~) [27]. RonTK ™/~ mice were
generated on a Black Swiss background and backcrossed 8 generations onto the C57BL/6J
background prior to mating with the ApcMin* mice, therefore only approximately 0.4% of
the original Black Swiss background was introduced into the initial cross.
ApcMin+-RonTK*+, ApcMiM+;:RonTK*/~, and ApcMiM+;RonTK ™/~ mice (n=13 each) were
euthanized at three months of age. At this point, their intestines were harvested, fixed in 4%
paraformaldehyde overnight, and then transferred to 70% ethanol. Tumor number, size, and
location along the gastrointestinal tract were determined using an Olympus dissection
microscope as described previously [12]. For histopathological and immunohistochemical
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analyses, a minimum of 2 tumors per gastrointestinal segment (duodenum, jejunum, ileum,
and colon) from each mouse (at least 4 mice per genotype) were excised and embedded in
paraffin. For all analyses, ApcMi"*:RonTK*/* mice served as controls while
ApcMi+-RonTK*/~ and ApcMiV+:RonTK /= mice were the experimental animals.

Histopathological Analysis

4-um sections were deparaffinized, hydrated through graded ethanol washes, and stained
with Mayer’s hematoxylin and eosin. The sections were dehydrated, incubated in Citrisolv,
and mounted with permount. Certified pathologists analyzed tumor grade and inflammation
without previous knowledge of the genotype and according to published guidelines [28].

Immunohistochemistry

4-um-thick sections were deparaffinized and hydrated as above. Endogenous peroxidase
activity was quenched with 0.3% hydrogen peroxide and non-specific immunoreactivity was
blocked using 5% goat serum in phosphate-buffered saline. The tissues were incubated with
a rabbit polyclonal anti-Ron  C-20 antibody (Santa Cruz), rabbit polyclonal anti-p-catenin
antibody (NeoMarkers), or equivalent concentration of rabbit 1gG (Sigma) at a concentration
of 2ug/ml. Primary antibodies were detected using 0.75ug/ml goat anti-rabbit biotinylated
secondary antibody (Vector Labs). Antibody immunoreactivity was amplified using the
VECTASTAIN ABC kit (Vector Labs), and visualized using DAB substrate (Vector Labs).
The sections were counterstained in hematoxylin, dehydrated, incubated with Citrisolv, and
mounted. All images were captured using a Nikon FX-35DX camera attached to the Nikon
Microphot microscope and Spotcam Advanced software (Nikon).

Proliferation Assay

Immunohistochemistry was performed with an anti-PCNA mouse monoclonal antibody (BD
Biosciences; 1 ug/ml), and goat anti-mouse biotinylated secondary antibody (Vector Labs;
0.75 pg/ml) as described above. The proliferation index was measured by quantification of
PCNA-positive nuclei. Three fields of intact crypts were counted on a Nikon Microphot-
FXA EP1-FL3 microscope at 400X magnification. Quantification of PCNA-positive cells in
intestinal crypts from four different ApcMi"*:RonTK*/* and ApcMi"*:RonTK~/~ mice were
used to calculate the average number of proliferating cells per crypt. In the size-matched
adenomas, the percentage of proliferating cells was determined by quantifying the number
of PCNA-positive cells out of at least 600 total cells per mouse at 400X magnification from
four different ApcMi+;RonTK*/* and ApcMi+;RonTK ™/~ mice.

Apoptosis Assay

Tissues were analyzed for apoptosis using the ApopTag Plus Peroxidase In Situ Apoptosis
Detection Kit (Chemicon International) according to the manufacturer’s instructions.
Apoptosis in the normal small intestine and colon was quantified by counting the number of
TUNEL-positive nuclei in intact crypts at 400X magnification in tissues from three different
ApcMin*:RonTK*/* and ApcMiV+:RonTK~/~mice. In the size-matched adenomas, the
number of TUNEL-positive nuclei out of at least 600 total nuclei was quantified per tumor
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at 400X magnification from three different ApcMin*:RonTK*/* and ApcMiV'+;RonTK =/~
mice.

Real-time PCR Analyses

Duodenal and colon tissues were harvested from 3 month-old C57BL/6J wild-type or
RonTK ™~ mice on the same background (n=6 each), snap frozen in liquid nitrogen, and
stored at -80°C. RNA was isolated from frozen tissues using TRIzol Reagent (Invitrogen)
according to the manufacturer’s instructions. cDNA was generated from 2 ug of total RNA
using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems).
Quantitative real-time PCR analysis was then performed using the Applied Biosystems 7300
Real Time PCR System and Sequence Detection Software Version 1.3.1 (Applied
Biosystems). Each cDNA sample was run in duplicate and amplified by Power SYBR Green
PCR Master Mix (Applied Biosystems) using the following primers: cyclin D1 forward 5'-
ccatgaactacctggaccg-3’ and reverse 5’-cacaaacctctgtgcatgc-3’; c-myc forward 5'-
ttccacggccttctctectt-3’ and reverse 5'-tcaatttcttcctcatcttettget-3’; Cox-2 forward 5/-
cctgccccacagcaaact-3’ and reverse 5/-ccttcctcccgtagcagatg-3’; Gapdh forward 5/-
aatggtgaaggtcggtgtg-3’ and reverse 5'-gaagatggtgatgggcttcc-3’. Table 1 presents the data as
the average relative gene expression normalized to Gapdh for each gene and shown as a fold
change relative to the wild-type control tissues. Each value represents 6 tissues per genotype
from individual mice analyzed in duplicate from one experiment; three experimental
replicates were performed with similar results.

Statistical Analyses

Results

To assess tumor burden, a comparison of the mean tumor numbers of ApcMiV+;:RonTK*/*
and ApcMIV+:RonTK =/~ was performed using the non-parametric Wilcoxon rank-sum test.
Evaluation of the number of animals with tumor multiplicities greater than the median (29
tumors) of the ApcMin*:RonTK*/* mice was performed using a binomial test. Statistical
analyses of proliferation, apoptosis, and real-time PCR analyses were performed using a
Student’s t-test.

Ron is Expressed in the Intestine of Apc-mutant Mice

In the human adult small intestine and colon, Ron expression is localized to the crypt cells
with a granular cytosolic subcellular localization [29]. To determine the expression pattern
of Ron in the non-transformed intestine and adenomas from ApcMin* mice,
immunohistochemistry was performed with an anti-Ron antibody (Figure 1). Ron was
homogeneously expressed in epithelial cells of the small intestine. In addition, Ron was also
localized to the crypt cells in the colon, but was expressed at a low level in other areas. In
adenomas from the ApcMi* mice, Ron expression was diffuse. Quantitative real-time PCR
analysis of RNA isolated from ApcMi"*+ tumors compared to Apc*/* normal intestinal tissue
showed similar Ron expression levels (data not shown). From these data, we conclude that
Ron is expressed in normal intestinal epithelium, particularly in areas (i.e. crypts) thought to
give rise to tumors [30-32], and its expression is maintained in intestinal adenomas from
ApcMin*+ mice.
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Tumor Formation in ApcMin/* Mice Lacking the Ron Receptor Tyrosine Kinase

Given that Ron is expressed in normal and transformed intestinal tissue from ApcMi+ mice,
we next sought to determine the impact of Ron on intestinal tumor formation in these mice.
Germline deletion of the tyrosine kinase domain of Ron in mice was reported previously,
and results in the production of a truncated, non-functional receptor when stimulated with
HGFL [27]. The Ron tyrosine kinase domain null (RonTK ") mice do not have any overt
intestinal defects, nor do they develop spontaneous intestinal tumors. RonTK~/~and
ApcMi'+ mice, both on the C57BL/6J background, were bred to generate mice that carried
both mutant alleles. Three month-old ApcMiV+;:RonTK =/~ and ApcMiV+;RonTK*/* controls
were euthanized and analyzed for intestinal tumorigenesis. Even though there was not a
significant difference in the mean number of tumors along the entire gastrointestinal tract or
in individual regions in ApcMi"* mice with and without Ron (Figure 2A), we found that
significantly more ApcMiM*:RonTK ™/~ mice (11/13) had higher tumor numbers than the
median (29 tumors) for the ApcMiM*:RonTK*/* control mice (p=0.0017 by binomial test;
Figure 2B). Mean tumor size was also unchanged between ApcMin*:RonTK ™/~ (1.54 + 0.04
mm) and ApcMiM*:RonTK*/* (1.49 + 0.04 mm) mice. Histopathological examination of
tumor and surrounding normal tissue from ApcMiM+:RonTK =/~ and ApcMiV*+:RonTK*/*
mice revealed that the tumors were indistinguishable from one another and considered
benign adenomas without prominent inflammation in either the tumor or surrounding non-
transformed tissue (Figure 3). Furthermore, there were no significant differences in the
tumor number, size, or histopathology of ApcMi+:RonTK*/~ mice compared to the
ApcMin*:RonTK*/* and ApcMi+;RonTK '~ animals (data not shown). Together, these
results demonstrate that the Ron receptor is not required for formation of intestinal
adenomas in ApcMin+ mice.

ApcMin’+ Ron-deficient Mice Exhibit Increased Proliferation of the Non-transformed
Intestinal Epithelium

Ron is a multifunctional protein that has been shown to regulate proliferation and cell death
in several in vitro and in vivo models [21,24,33-36]. To determine if Ron inactivation
affected these processes in ApcMin* intestinal tissues, proliferation and cell death were
quantified in intestinal tissues from ApcMiV+:RonTK*/* and ApcMiV+:RonTK '~ using the
immunohistochemical detection of proliferating cell nuclear antigen (PCNA), and the
TUNEL assay (Figures 4 and 5). The ApcMiV+:RonTK ™~ mice exhibited significantly more
PCNA-positive cells in the non-transformed crypt epithelium of the small intestine and
colon than ApcMiV+:RonTK*/* tissues (Figure 4A), although analysis of adenomas from
these mice showed no significant differences (Figure 4B). Ki67 immunohistochemistry was
also performed on the same tissues and verified this finding (data not shown). In contrast,
there were no significant differences in the number of TUNEL-positive cells in neither the
non-transformed crypt epithelium nor the adenomas from ApcMi+:RonTK*/* and
ApcMi+-RonTK =/~ mice (Figures 5A and 5B). Together, these results suggest that Ron loss
does not affect the growth of ApcMiV*+ adenomas, despite an increase in proliferation of the
non-transformed epithelium in ApcMin*:RonTK =/~ mice.
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Ron Deficiency Does Not Alter B-Catenin Localization or Target Gene Expression in

ApcMin/+ Mice
Loss of Apc is associated with increased -catenin transcriptional activity that is sufficient
for tumorigenesis in the mouse gut [7,37]. Stabilization and nuclear accumulation of -
catenin is a very common feature of adenomas from ApcMi"* mice [38], and moreover,
tyrosine phosphorylation and nuclear localization of 3-catenin has been observed in mouse
mammary tumors driven by Ron overexpression [23]. Therefore, one possible mechanism
by which Ron loss may influence adenoma formation in ApcMiV+ mice is by alteration of f-
catenin expression or activity. To determine if Ron inactivation overtly alters the
localization of p-catenin in this model, we performed immunohistochemistry with an anti-f3-
catenin antibody. There was abundant cytosolic and nuclear p-catenin in adenomas from
ApcMin+-RonTK** mice and ApcMiV+ Ron-deficient mice (Figure 6). Prominent staining at
cell-cell contacts was observed in the non-transformed intestinal epithelium of ApcMin/+
mice with and without Ron signaling (Figure 6). Moreover, no significant changes in the
expression of several -catenin/Tcf target genes associated with intestinal tumorigenesis,
including cyclin D1, c-myc, and Cox-2, were observed (Table 1). These data suggest that the
mechanism by which Ron loss influences adenoma formation in this model is not likely to
be through further modulation of B-catenin localization and transcriptional activity.

Discussion

Despite the numerous reports describing Ron overexpression and activation in various
cancers including breast, lung, pancreas, and colon, little is known about the cooperation of
Ron with other pathways deregulated in cancer [13-15]. Ron is a valid therapeutic target for
cancer as antibody inhibition can reduce tumor cell growth in xenograft models [39,40].
Therefore, it is important to understand the consequence of Ron inactivation in normal
tissues as well as during tumorigenesis in vivo. The ApcMi* model of murine intestinal
tumorigenesis resembles the majority of human inherited and sporadic colon cancers, which
contain aberrant APC/B-catenin signaling [26,30,41-43]. Using this paradigm for intestinal
tumorigenesis, we show here that the loss of Ron in ApcMi"*+ mice is not required for
intestinal tumorigenesis. Moreover, our results show that germline loss of Ron in this model
allows for an increase in the number of ApcMi"* mice with high tumor burden compared to
control ApcMi* mice with wild-type Ron, but there was no overall affect on tumor
progression. While the rates of cell death in both non-transformed and adenoma tissues and
the localization of B-catenin remained constant, Ron loss increased proliferation in the
normal intestinal crypt epithelium. This study is significant as it indicates that Ron
expression in ApcMiM* mice is not required for tumorigenic transformation or the
progression to adenomas.

Our studies demonstrate that Ron is expressed in the normal small intestine and colonic
epithelium and adenomas of ApcMi+ mice. Specifically, expression of Ron in the colonic
crypt epithelium correlates with the location in which adenomas arise in the intestine of
these animals [30-32]. Previously, Boon et al., 2006 [44] published immunohistochemical
staining of Ron in ApcMi"* mice suggesting that Ron was expressed in the non-transformed
epithelium. In this report, the investigators were unable to detect Ron expression at
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appreciable levels in the ApcMiV+ adenomas using non-quantitative methods [44]; however,
this does not preclude the validity of our data, which demonstrates that Ron expression is
maintained in the ApcMi"+ adenomas. Our results are also consistent with the findings in
human tissue showing that Ron is expressed in the normal intestinal epithelium with
continued expression, or overexpression, observed in colorectal cancer [14,17,29]. Thus, our
studies extend upon those in the literature and show that Ron is expressed in the small
intestine and colon of non-transformed epithelium and adenomas of ApcMiV+ mice.

To determine the functional significance of Ron expression in the gut, we monitored
adenoma formation in Ron tyrosine kinase-proficient and -deficient ApcMi* mice.
Interestingly, we found that significantly more ApcMi"*:RonTK ™/~ mice developed a
greater number of tumors than ApcMi"*:RonTK*/* mice, although these tumors were not
different in size or histology. These data indicate that Ron signaling is not required for
intestinal tumorigenesis in the presence of an Apc mutation. These results were unexpected
given that Ron overexpression has been shown to promote the tumorigenic phenotype in
vitro [15,16,45]. In contrast to other studies wherein silencing of Ron overexpression in
immortalized human colon carcinoma cell lines reversed their tumorigenic properties and
had dramatic consequences with respect to 3-catenin activation, our study shows that basal
Ron expression is not required for cellular transformation or adenoma formation in the
presence of an Apc mutation in vivo [17,21,46]. Our data do not, preclude, however, the
importance of Ron overexpression observed in human colorectal cancer, where studies have
suggested that inhibiting this overexpressed receptor may have important anti-tumor effects
[15,16,39,40,45]. In addition to focusing on early-stage tumor progression, unique to our
studies is that we have examined the effect of de novo Ron loss in all cell types on intestinal
tumorigenesis in vivo, where other factors, such as the tumor microenvironment, play a role.
It is also possible that there are species differences and differences in the absolute levels of
Ron produced in these models that might contribute to these apparently conflicting data.
However, our result is consistent with a previous study that showed stable knockdown of
Ron in metastatic SW620 colon cancer cells did not prevent tumor formation in nude mice
[21], and another study that observed increased benign tumor formation in an in vivo skin
tumorigenesis model in mice deficient for Ron [47]. There is also precedent for other tumor-
associated molecules, such as telomerase, to have different functions in normal tissue and at
various stages of tumorigenesis [48]. It is noteworthy that the variability in mean tumor
number per animal was greater than what we have observed and published using the
ApcMi+ model previously [12,49,50]. Given that the RonTK ™~ mice were backcrossed 8
generations onto the C57BL/6J genetic background prior to mating with ApcMiV*+ mice, and
that no identified ApcMi"* modifying loci are on the same chromosome as Ron
(chromosome 9), we have no evidence to suggest that an ApcMi"* modifying locus is
present in our model [4,51-53]. However, we cannot discount the possibility that a novel
modifier might be present in the region directly around the Ron gene.

Using markers of proliferation, we found that Ron inactivation in ApcMiV*+ mice leads to
significantly greater numbers of intestinal crypt cells undergoing proliferation, which may
make the cells more susceptible to Apc loss of heterozygosity and transformation. It is
interesting, however, that the tumors themselves failed to show enhanced proliferation in
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spite of Ron loss, which is consistent with the in vitro studies described above [21]. It is well
documented that 100% of intestinal adenomas demonstrate loss of the wild-type copy of Apc
[3], and we confirmed that Apc was similarly lost in adenomas from the ApcMin/*:RonTK "/~
mice, suggesting that Apc inactivation is likely still required for driving adenoma formation
(S.M., K.G., unpublished data). As RonTK~/~ mice do not develop spontaneous
gastrointestinal tumors, it is clear that Ron loss is not sufficient to initiate tumor formation.
Finally, although Ron loss did not significantly affect apoptosis in the non-tumor or
adenoma tissues, we cannot rule out a role for Ron in tumor cell survival as has been shown
in other tumor types [54].

We investigated whether modulation of f-catenin signaling may be a mechanism by which
Ron loss increased tumor load in ApcMiV+ mice. Our results suggest that Ron loss does not
profoundly influence B-catenin nuclear localization in this model given that there were no
differences in p-catenin localization between ApcMiV*:RonTK =/~ and ApcMi+:RonTK*/*
control mice in normal and adenoma small intestine and colon tissues. Additionally,
quantitative real-time PCR analyses on normal intestinal tissue from RonTK*/* and

RonTK ™/~ mice showed that transcript levels of B-catenin target genes c-myc and cyclin-D1
[55,56] were unchanged with respect to Ron status. Nevertheless, it remains possible, that
Ron may alter f-catenin activity in a way that was not measured in our experiments or
captured in the time frame of our analyses.

As a second potential mechanism, we hypothesized that Ron may protect against tumor
formation through modulating stromal-epithelium interactions in the intestine, for example,
by regulating inflammation through cytokine production or the production of free oxygen
radicals [27,57]. However, there were no apparent differences in inflammatory cell
recruitment in the intestines of ApcMi+:RonTK ™/~ tissues by histopathological analysis
compared to controls. Cox-2, also considered a -catenin transcriptional target, was
examined because Ron inactivation can inhibit its expression in macrophages [58-61], and
pharmacological or genetic Cox-2 inhibition can significantly decrease tumor numbers in
ApcMi+ mice [62]. However, we did not find a statistically significant change in Cox-2
expression in RonTK ™/~ intestinal tissues compared to wild-type controls. While Cox-2 may
not be the major molecular target of Ron in this model, it is possible that other factors may
modulate inflammation in the gut downstream of Ron that could impact intestinal tumor
formation.

In summary, our studies demonstrate that Ron is not required for intestinal tumorigenesis in
the ApcMi+ model. Interestingly, our studies also suggest that while Ron targeted therapies
may be effective for the treatment of advance-stage cancers that exhibit overexpression of
this receptor [39,40], blocking Ron in normal tissue may have an unfavorable outcome in
the context of other alterations that promote tumor formation.
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Abbreviations

Apc adenomatous polyposis coli

Cox2 cyclooxygenase-2

EGFR epidermal growth factor receptor

Fak focal adhesion kinase

FAP familial adenomatous polyposis

HGFL hepatocyte growth factor-like protein

iNOS inducible nitric oxide synthase

MAPK mitogen-activated protein kinase

Min multiple intestinal neoplasia

MMP7 matrix metalloproteinase 7

PCNA proliferating cell nuclear antigen

PI3K phosphatidylinositol-3-kinase

TK tyrosine kinase domain

TUNEL terminal deoxynucleotidyl transfer mediated dUTP nick end labeling
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FIGURE 1.
Ron is expressed in the non-transformed intestinal epithelium and adenomas of ApcMin/*

mice. Immunohistochemistry on tissue sections from the small intestine (A and B) and colon
(C and D) of three month-old ApcMiV+ mice was performed using an anti-Ron antibody to
detect Ron expression. No staining was observed using an isotype-matched 1gG control
(data not shown). Non-transformed epithelial and tumor areas are designated by N (non-
transformed) and T (tumor). 200X Magnification. Scale bar; 50 pm.
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Ron deletion significantly increases the number of ApcMi"*+ mice with high tumor burden,
but does not impact mean tumor number or distribution. ApcMi"* mice were crossed with
RonTK™*/~ mice to generate ApcMin'+:RonTK*/* and ApcMin'+:RonTK~/~mice. Intestinal
tumors were analyzed at three months of age. A) The mean number of tumors per mouse and
within each segment of the gastrointestinal tract (duodenum, jejunum, ileum, and colon) per
genotype (n=13). p>0.05 for all comparisons between genotypes, Wilcoxon rank-sum test.
B) The mean number of tumors per mouse is plotted per genotype (n=13). Each data point
represents a single mouse; the median tumor number in ApcMiV+:RonTK*/* controls is

denoted (29, black line). p=0.0017, binomial test.
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FIGURE 3. _
Adenomas from ApcMiV+:RonTK ™/~ mice are histologically similar to those from

ApcMin/+-RonTK*/* mice. Tissues from three-month old ApcMi+:RonTK*/*+ and
ApcMin+-RonTK ™/~ mice were stained with hematoxylin and eosin and examined

histologically. No differences were detected between genotypes in the appearance of non-
transformed (N) and tumor (T) tissues in the small intestine and colon. 100X magnification.

Scale bar; 25 um.
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FIGURE 4. )
Proliferation in the ApcMiM*:RonTK ™/~ non-transformed intestinal epithelium is

significantly increased compared to ApcMi+;RonTK*/* mice. Tissues from three month-old
ApcMin*:RonTK*/* and ApcMi'+:RonTK ™/~ mice were analyzed for proliferation by
staining with an anti-PCNA antibody. Proliferating cell nuclei are dark brown (black
arrows). 200X magnification. Scale bar; 50 um. Quantification of PCNA staining is graphed
as the number of PCNA-positive cells per crypt in the normal small intestine (n=4) and
colon (n=4) (A) and the percentage of proliferating cells in adenomas (B). *p<0.02,
Student’s t-test.
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FIGURE 5.
Cell death in ApcMiM*:RonTK =/~ mice is not altered compared to ApcMiV*+:RonTK*/* mice.

Tissues from three month-old ApcMi+:RonTK*/* and ApcMiV+:RonTK ™/~ mice were
analyzed for cell death using the TUNEL assay (n=3). TUNEL-positive cells are dark brown
and have been magnified to show their histological appearance (black box). 400X
magnification. Scale bar; 50 um. Quantification of TUNEL staining is graphed as the
number of TUNEL-positive cells/crypt in the normal small intestine (n=4) and colon (n=4)
(A) and as the percentage of TUNEL-positive cells in adenomas of the small intestine and
colon (B). p>0.05, Student’s t-test.
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B-catenin localization is similar in intestinal tissue from ApcMiV+:RonTK*/* and
ApcMin*:RonTK =/~ mice. Tissues from three month-old ApcMiV+;RonTK*/* and
ApcMin+-RonTK ™~ mice were analyzed for $-catenin localization by
immunohistochemistry using an anti-B-catenin antibody (brown). Non-transformed
epithelium demonstrates predominantly membranous staining (arrows), and adenomas
exhibit intense nuclear (arrows) and cytosolic staining in the small intestine and colon from
both genotypes. 400X magnification. Scale bar; 50 um
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Table 1

Fold-change of B-catenin/Tcf target gene mRNA expression in RonTK ™/~ intestines relative to RonTK*/*
controls.

Cyclin D1 c-Myc Cox2

Small Intestine | 1.09+0.13 | 1.08+0.35 | 1.12+0.19

Colon 1.23+0.15 | 1.44+054 | 1.41+£0.29

p > 0.05 for all genes.
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